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Abstract

The cannabinoid receptor subtype 2 (CB2R) represents an interesting and new therapeutic target for
its involvement in the first steps of neurodegeneration as well as in cancer onset and progression.
Several studies, focused on different types of tumors, report a promising anticancer activity induced
by CB2R agonists due to their ability to reduce inflammation and cell proliferation. Moreover, in
neuroinflammation, the stimulation of CB2R, overexpressed in microglial cells, exerts beneficial
effects in neurodegenerative disorders. With the aim to overcome current treatment limitations, new
drugs can be developed by specifically modulating, together with CB2R, other targets involved in
such multifactorial disorders. Building on successful case studies of already developed multitarget
strategies involving CB2R, in this perspective we aim at prompting the scientific community to
consider new promising target associations involving HDACs (histone deacetylases) and sigma
receptors by employing modern approaches based on molecular hybridization, computational

polypharmacology and machine learning algorithms.



= INTRODUCTION

The Cannabinoid receptor subtype 2 (CB2R), together with the subtype 1 (CB1R), belongs to the
Endo Cannabinoid System, widely explored because of its physiological functions and more
importantly because of its involvement in a wide range of conditions, such as cancer and
neurodegeneration.t>3

Differently from the CB1R subtype, mainly localized at the central nervous system (CNS), where
its activation leads to unwanted psychotropic effects, CB2R is physiologically expressed at
peripheral level, mainly in the immune system (tonsils, spleen, thymus, lymphocytes, monocytes,
macrophages, eosinophils, etc).? In pathological conditions, this receptor is overexpressed in the
activated microglia at the CNS®1° and in several types of cancer.*# Importantly, its activation is
responsible for the restoration of normal microglial function as a result of the inhibition of
neuroinflammatory signalling pathways.®

In the Alzheimer Disease (AD) onset, for instance, CB2R counteracts microglia-mediated
neurotoxicity by inhibiting the production of pro-inflammatory mediators and by modulating the
migration of macrophages.'® High levels of CB2R were found in post-mortem AD patients brain, in
particular in the microglial cells surrounding the B-amyloid plaques.’® Interestingly, in vitro and in
vivo studies demonstrated the ability of CB2R agonists to reduce both the levels of pre-existing -
amyloid (Ap) plagues and their formation, leading to a general improvement of memory,? as well as
promoting intrinsic brain repair mechanisms.’® Moreover, CB2R activation, together with the
decrease in the production, aggregation, and clearance of AP plaques, reduces the hyper-
phosphorylation of the tau protein, another pathological AD hallmark.'?

The neuroprotective effects exerted by CB2R activation in AD were also observed in other
neurodegenerative disorders such as Parkinson,?® Huntington's disease and Amyotrophic lateral
sclerosis.*® In the oncologic field, a high CB2R expression has been found in several types of cancer
(breast, lung, prostate, pancreas and resistant cancers)?®?® and a correlation between CB2R

expression and the histological grade and prognosis has been demonstrated in breast cancer, colon-



rectal carcinoma, glioblastoma and glioma,?* with different suggested mechanisms.!® All of these
pieces of evidence make CB2R modulators potential therapeutics in different types of pathologic
conditions where inflammation is involved such as cancer and neurodegeneration. Furthermore,
properly functionalized CB2R ligands can be considered useful molecular probes.?> Given the
multifactorial nature of these diseases, it is today evident that therapies acting on multiple
mechanisms are highly desirable. Based on this evidence, multitarget approaches combining CB2R
activation with the ability of modulating other targets (e.g. Acetylcholinesterase (AChE) and
Butyriylcholinesterase (BChE))?3! have been recently proposed to improve AD therapy. As
extensively reviewed in the last years, 3234 the so-called multitarget directed ligands (MTDLs) have
several advantages over combination approaches where two or more drugs are administered at the
same time.®® Achieving an optimized activity towards multiple targets, however, is still considered
one of the most difficult challenges facing contemporary medicinal chemistry. This is mostly due to
the difficulty in preserving drug-like properties while, at the same time, finding a balance between
the “wanted polyphamacology” and the “dangerous promiscuity” of the designed drugs. Obviously,
this task becomes even more challenging when the targets of interest belong to different protein
families. 33

This issue can be properly approached by integrating different medicinal chemistry strategies,
including those based on knowledge-based framework combination (e.g. molecular hybridization),
computational polypharmacology and machine learning algorithms. 338

Aim of this perspective is to propose a new multitarget approach where CB2R is associated with
other important targets involved both in cancer and in neurodegenerative diseases such as Histone
deacetylases (HDAC) and sigma receptors.

Noteworthy, these targets were selected being overexpressed®®*” and linked to inflammation
modulation.*®-5L, In details, HDAC inhibitors have been successfully employed as cytotoxic agents
in tumours as breast cancer,*>*? triple negative breast cancer,*>** lung,***’ pancreatic and prostate

cancers,*® where CB2R involvement has been demonstrated.?>® More importantly, CB2R agonists



and HDAC inhibitors share the same effect not only as antiproliferative agents but also as anti-
inflammatory modulators, being able to modulate microglia/macrophages polarization from M1
state (pro-inflammatory and detrimental) to the M2 state (anti-inflammatory or pro-resolving).5>
The influence on the polarization of microglia/macrophages may be considered as a useful approach
to treat some microglia/macrophage-mediated chronic inflammatory diseases as cancer and
neurodegeneration.®®

As for sigma receptors, they are involved in the same types of cancer.***® More specifically, sigma-
\2] agonists and sigma-1 antagonists display cytotoxic effects similar to those resulting from a CB2R
activation. Moreover, the involvement of both sigma receptors on inflammation is widely
reported*®5157 and interestingly the effect of sigma-1 on microglia polarization has been
suggested.585°

Inspired by successful case studies of already developed multitarget strategies for AD treatment (i.e.
compounds acting as CB2R agonists and AChE/BChE  (Acetylcholinesterase/
Butyrylcholinesterase) inhibitors, in this paper we propose different strategies for designing dual
CB2R agonists/HDAC inhibitors (hereinafter referred to as dual CB2R/HDAC) and dual CB2R
agonists/sigma modulators (dual CB2R/sigma) based on: i) the evidence of common
pharmacophoric elements (molecular hybridization); ii) the presence of valuable structural
information concerning the targets of interest (structure-based drug design) and iii) the knowledge,
based on preliminary data, of active ligands sharing a common chemical space (ligand-based drug

design and machine-learning-assisted de novo design).

m CB2R AGONISTS: THE PROPOSED PHARMACOPHORE

Several classes of compounds acting as CB2R agonists have been developed in the last years,
bearing different scaffolds: dibenzopyranic,®®6!  oxoquinoline,®>%>  naphthyridinone,®¢%
quinolinedione,® alkyloxy-coumarin,™ indole,’+ 7 indazole,’® imidazopyridine,”

imidazopyrazine,”® benzimidazole,”®® purine,882 thiophene,® triazine,®® pyridinone,®%°
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biphenyl,%®! proline,®% and piperidine.* In Figure 1 the most representative and selective known

CB2R ligands are reported along with their K; values on CB1R and CB2R.
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Figure 1. Representative CB2R ligands bearing different scaffolds.52 95-102

Based on the available literature, we recently proposed?® a CB2R pharmacophore reported in Figure

2.
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Figure 2. Proposed CB2R pharmacophore.

The first structural requirement is represented by a monocyclic or bicyclic core carrying hetero
atoms (N, S, O): a nitrogen in the heterocycle leads to an improved affinity but it is not essential for
the activity.’®® The presence of OH or C=0 groups in 2- or 4- position of the core increases the
affinity vs the target via H-bonds formation.? On the core scaffold, R1 can be: i) a linear alkyl chain
(4-6 carbon atoms) often formed by 5-methylenes units (that proved to be optimal for receptor
affinity®>1% due to their ability to maximize the interactions with a hydrophobic region of the
receptor); ii) cycloalkyl or aromatic-alkyl groups; iii) heterocycloalkyl ring as alkyl-morpholine or
piperidine.1%

To meet selectivity towards CB1R, in order to avoid the unwanted psychotropic effects due to the
interaction with the CB1R subtype, and to increase binding affinity, an aliphatic (cycloalkyl rings)
or aromatic (naphthalene, phenyl) carboxamide (Rz) is usually inserted on the core. Noteworthy, the
carboxamide portion can be replaced by bioisosters (e.g. a carbonyl). Rz is a bulky and lipophilic
group that confers great selectivity and potency. Examples of used R2 groups are represented by the
adamantane (strong increase in selectivity), lipophilic cycloalkyls (cyclohexyl, cycloheptyl),
branched aliphatic chains (i-Pr, t-Bu).1%

In Rs, the presence of aromatic groups that allow the formation of =-x stacking interactions with the
aromatic amino acids located in a deep hydrophobic pocket of the receptor may be favourable to the
affinity vs CB2R. The substitutions on the bicycle may lead to discriminate between agonist and

antagonist activity.%



m A SUCCESSFUL CASE STUDY: MOLECULAR HYBRIDIZATION BASED ON CB2R
AGONISTS AND ACHE/BCHE INHIBITORS

The molecular hybridization strategy is based on the combination of two molecules endowed with
different pharmacological activities in a single chemical entity, able to hit different targets involved
in the same multifactorial pathology. The adopted strategies can be based on the connection
(through a linker) or the integration (by merging or fusing) of pharmacophoric frameworks.
Although very promising to combat the multifactorial nature of complex diseases, the development
of molecular hybrids faces the critical issues of selecting the right target combination and the
achievement of a balanced activity towards them, while maintaining drug-like-properties for the
diverse targets.107-109

As suggested by Bolognesi, early ADME studies should be included at early stage as to overcome
all the pharmacokinetic issues.*t

As mentioned above, CB2R activation is widely reported to improve cognitive impairment in
animal models of AD, as CB2R agonists may reduce the release of pro-inflammatory molecules,
facilitate the clearance of AP, promote the phagocytic phenotype of microglia, reduce the Ap
neurotoxicity and reduce the oxidative stress damage produced by reactive oxidative species (ROS)
and tau hyperphosphorylation.'® Cannabinoids are potentially excellent multi-target candidate drugs
for their interesting pharmacological profiles. Notable is the double ability to act as CB2R agonist
and cholinesterase inhibitors (AChE/BChE) reported for some of them.?® The AChE and BChE
enzymes are identified as critical targets for the effective management of AD.!!! Together with
memantine (a N-methyl-D-aspartate (NMDA) receptor antagonist), three cholinesterase inhibitors
(AChE/BChE) (Figure 3) were approved in the last years by FDA for AD treatment. Indeed, a
progressive loss of cholinergic innervation in different CNS areas occurs in the pathology,'*? and
thus a decreased cholinergic transmission is observed (Figure 3). Therefore, the inhibition of these
enzymes allows an increased acetylcholine availability in the brain regions and a decreased

deposition of AB.M Since the AChE levels in the brain areas are associated with progression of the



AD disease, likely limiting the therapeutic utility of this class of drugs, BChE levels in the disease
is markedly high compared to the levels recorded in the healthy subjects. Thus, the inhibition of
BChE represents an innovative therapeutic approach for AD.1!4115.116

Although a wide structural heterogenicity can be observed among the AChE/BChE inhibitors, there
are some specific molecular determinants that allow the identification of the basic requirements for
inhibiting the two enzymes isoforms: a H-bond acceptor, an aromatic ring, a positive ionizable
group, an hydrophobic portion, and the presence of tertiary amino groups, that can be protonated

under physiological conditions.
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Figure 3. AChE inhibitors approved by FDA for AD treatment.

The idea of developing multitarget agents useful in AD treatment starting from CB2R agonists
relied on the observation that some cannabinoids, such as JWH-015 (8, Figure 1), were able to
induce the removal of B-amyloid plaques**” and that THC!'® and some cannabinoid agonists, such
as JWH-015 (8) and WIN 55,212-2 (10) were able to inhibit AChE in vitro.?® With this in mind,
Paez and colleagues proposed the first multitarget strategy for AD treatment based on the design of
dual compounds with mixed CB2R/cholinesterase profiles.?® They tested several cannabinoid
ligands for their activity as AChE/BChE inhibitors and? performed rational structural modifications
starting from the core of the CB2R agonist JWH-015 (Figure 1). In particular, by applying the
concept of bioisosterism and by adding an aromatic ether, suitable for CB2R interaction (Figure
4),%" they developed a series of indazoles and the best results were shown by compounds 14 and 15,

whose 2D structures are reported in Figure 4.
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Figure 4: 2D sketch of the JWH-015 structural modifications proposed by Gonzalez-Naranjo and colleagues?’ for

designing dual CB2R/ChE indazole compounds ligands, 14 and 15, and CB2R/ChE/BACE-1 indazolyl ketones 16.%8

More recently, the same authors designed a series of new compounds having an indazolylketone as
scaffold and showing a multitarget profile vs CB2R and cholinesterase. They started from 1-(2-di-i-
propylaminoethyl)-3-(4-methoxybenzyloxy)indazole 14? that could be considered an interesting
starting point for the hit-to-lead development of BChE inhibitors and CB2R agonists. Structural
modifications on the indazole led to obtain a family of dual CB2R agonists/BChE inhibitors with
high selectivity, potency, and good biological profile. In this study, the multitarget effect was also
evaluated against beta secretase 1 (BACE-1), the cleavage enzyme of beta-site amyloid precursor
proteins (a key enzyme in the abnormal production of amyloid-beta protein which leads to fibrillary

aggregation toxic to neurons). Based on pharmacological studies conducted in vitro and ex vivo, it



was observed that two of these compounds showed a CB2R agonist profile (isolated tissue assay) as
well as a BChE and BACE-1 inhibitory profile.?® Replacing the alkyl chain with an amide moiety
maximizes the CB2R binding affinity by allowing the formation of new interactions. These
indazolylketone derivatives can be considered as two- or three-target cannabinoids: compound 16
(Figure 4), indeed, acts as selective CB2R full agonist, in an isolated tissue assay, and, at the same
time, as BChE and BACE-1 inhibitor. Its effect was also tested on Alzheimer's cell models and the
obtained results put forward this compound as a promising agent for AD treatment. 28

Very recently, 2-benzofuran-derived compounds, whose general scaffold is presented in Figure 6,
were evaluated as potential cholinesterase inhibitors and CB2R ligands.!*® Montanari and
colleagues identified some benzofuran analogues endowed with promising anti BChE activity and
anti-aggregation properties towards beta amyloid plaques, but an undesired CB1R affinity. Starting
from this promising scaffold and in order to direct the multitarget spectrum of action towards
CB2R, they designed an original class of compounds as a result of different modifications on the
central skeleton. In the most active compounds, the alkoxy N-methyl-N-benzylamine side chain was
removed and substituted by a methoxy group, and the amines were directly linked to the
benzophenone ring. Compound 17 showed inhibitory activity on BChE in the micromolar range,
and CB2R selectivity over CB1R. Compound 18 is the most powerful CB2R ligand of the class,
probably as a consequence of the nitrogen methylation. Compound 17 presents a broad spectrum of
action, in fact it inhibits BChE, acts on CB2R with high selectivity over CBI1R, shows a
neuroprotective action and could be considered a promising MTDL, while compound 18 proved to
\bel a potent CB2 inverse agonist and exerts an interesting multifunctional action by combining anti-

inflammatory and neuroprotective effects.*'°
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Figura 5. Dual CB2R/BChE benzofuran derivatives proposed by Montinari and collegues.**®

In 2008, Astra Zeneca developed a very interesting and selective CB2R agonist (compound 20,
\Figure\ 7).12° On the basis of the pharmacophoric model of BChE inhibitors and of the results
showed by the already reported indazole 14, Dolles and colleagues in 2016 measured the ability of
compound |20| to inhibit choline esterases finding interesting pharmacodynamic properties towards

human CB2R (hCB2R) and equine BChE (eqBChE) (Figure 6).
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Figure 6. Pharmacophore model of BChE inhibitors and CB2R compound 14 (top); Benzimidazole derivative 19
proposed by Astra Zeneca'®® as hCB2R agonist and studied by Dolles and co-workers as BchE/AchE inhibitor
(bottom).?®

Starting from compound 19, Dolles and co-workers proposed a second generation of dual
CB2R/BChE benzimidazole derivatives by performing four structural changes: i) the replacement
of the diethylamide function with a hydrogen atom, to confirm the need of this fragment for the
interactions with CB2R and BChE; ii) the introduction of a basic centre on the hydrophobic alkyl
chain; iii) the modifications of the linker connecting the imidazole moiety and the phenyl ring; iv)
the modification of the heterocycle core.?® The results clearly indicated that the presence of the

diethylamide function is pivotal to ensure both the affinity vs hCB2R and the inhibition of



eqBChE.?° For this reason, the authors focused their attention on substitutions in other portions of
the molecule. The performed changes aimed to increase the basicity of the final compound through
the insertion of amino groups to improve the interactions with the eqBChE active site. Interesting
results came from the introduction of a piperidine ring on the alkyl chain obtaining compound 21.
Compound 19, 20 and 21 presented moderate affinity towards hCB2R, but an interesting eqBChE
inhibition (Figure 8). Other modifications led to 2-aminobenzimidazole compound 22 that showed a

moderate affinity vs hCB2R but, also in this case, a good inhibitory effect on eqBChE.?°
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Figura 7. Dual CB2R/BChE benzimidazole derivatives proposed by Dolles and colleagues: second generation.?
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However, the excellent results were not recapitulated in a later study in human BChE.?® A third
generation of analogues of compound 19 was studied by performing additional structural changes
such as the: i) diethylamide substitution in position 5 of the main scaffold; ii) substituent
modification in position 5 (reverse amide, nitro group and primary amine); iii) merging between the
most interesting CB2R and BChE pharmacophoric fragments (Figure 8).

Starting from compound 19, the introduction in 5-position of different amides determined a
decrease of hCB2R affinity but an interesting increase in hBChE inhibition. The 1-piperidinyl
amide (25) determines an inhibitory activity on hBChE and higher CB2R affinity compared to the

linear analogues. The anilineamide 24 showed the lowest CB2R affinity of this series (Figure 8).



Different amide structures in 5-position of the benzimidazole scaffold
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Figure 8. Dual CB2R/BChE benzimidazole derivatives proposed by Dolles and collegues, third generation.*

In Figure 8, modifications in 5-position of compounds 19 were also evaluated. The introduction of
electron-withdrawing/donating substituents, in place of the diethyl amide group, determined a
complete loss of the activity/affinity vs both targets. Interestingly, compound 28, with an inverse
anilineamide, maintained CB2R affinity but lost the hBChE inhibition.*® By merging structures 20,
21 and 22, Dolles and colleagues developed the compounds illustrated in Figure 8. The introduction
in compound 21 of an additional methylene between the amino group and the phenyl ring
(compound 29) determined an increase of CB2R affinity but no hBChE inhibition. Compound 30
derives from merging compounds 21 (p-ethoxy phenyl core) and 22 (ethylene piperidinyl core),
while compound 31 results from 22 (p-phenoxy phenyl core) and 23, but an improvement in terms
of pharmacological profile was not observed.

The authors also explored changes of the length of ethylene pyridinyl moiety of compound 21
without obtaining interesting results in terms of hCB2R affinity, selectivity towards hCB1R and
selective BChE/AChE inhibition.

In conclusion the strategy followed by the authors could be considered as very representative for a
MTDL design. Indeed, the developed compounds showed balanced affinities/activities towards the
selected targets and were proved to improve cognition in-vivo.?

In a more recent paper, Scheiner and colleagues reported the synthesis of a series of hybrid
compounds derived from the combination of tacrine (a cholinesterase inhibitor (ChE)) and
compound 19 through different spacers.®

The amide group and the N1 of the imidazole core are the most appropriate groups to be connected
by the linker hence obtaining two series of ligands. The hybrids of both series resulted CB2R

agonists and AChE/BChE inhibitors (ChE) (Figure 9).
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An additional strategy consisted in the insertion of an additional linker such as a disulfide bridge
with the aim to improve the pharmacokinetic profile (34). All these hybrids have maintained their
behaviour as CB2R agonist and the related immunomodulatory effect showed by compound 19.
Compounds 33 and 34 were able to reduce the Beta-amyloid plaques concentration with
neuroprotective effect despite a not so high potency as ChE inhibitors and CB2R agonists.*

= DUAL CB2R/HDAC FOR CANCER AND NEURODEGENERATION THERAPY

Histone acetylation is crucial for the transcriptional activity.'?! The balance between acetylation and
deacetylation is the principal epigenetic control of genetic transcription and it is mediated by two
important classes of enzymes: Histone acetyl transferase (HAT) and Histone Deacetylase
(HDAC).122 The loss of acetylating agents in combination with increased HDAC activities is one of
the most frequent epigenetic anomalies occurring in cancer. It was reported?® that the repression of
onco-suppressor genes is one of the principal causes of carcinogenesis and tumor progression, and
among all the epigenetic modulators, HDAC enzymes have a pivotal role in this context. At the
beginning of this process, HDAC enzymes restrain genes devoted to the check of cells growth and
this determines an uncontrolled cellular proliferation, loss of differentiation and apoptosis
inhibition. Moreover, in the cancer progression, HDAC enzymes silence genes appointed to check
cellular adhesion, migration and invasion.’?* Recently, HDAC involvement in neurodegenerative
disease was also reported and reviewed. 5

For all these reasons, HDAC inhibitors (HDACI) represent an interesting option in cancer research.
They are able to activate pathways involved in apoptosis and also to modulate the expression of non
-histone proteins such as DNA repair enzymes, transcription factors and nuclear regulators.> Each
HDAC enzyme presents a common deacetylation domain constituted by 390 aminoacids. The
catalytic pocket is strict and cylindrical presenting a central Zn®** atom that, coordinated by a

network of Histidines and Aspartates, performs its catalytic activity.*?>2°



Some representative HDACI are illustrated in figure 15. As expected, all of them present a typical
Zn?* binding group (ZBG), which is usually a hydroxamic acid or a 2-aminoanilide; a linker; and a

hydrophobic cap group able to interact with the enzyme surface.
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Figure 10 Representative HDAC inhibitors.

The combination of HDACI with other drugs, able to hit other antitumoral targets, can induce a
synergic positive effect in the therapy of cancer, as recently reported.**0 131

The successful use of HDACI in the same cancer cell lines where CB2R are overexpressed as well
as their anti-inflammatory properties in the same pathologies where CB2R is involved*®> 1% suggest
the development of dual CB2R/HDAC as a valuable strategy for cancer and neurodegeneration
therapy. Our idea is also supported by many recent works proposing chimeric HDACI as a winning
strategy for cancer.40 14

Based on this evidence and inspired by Stazi et al.,X*° reporting HDACI hybrids obtained through a
molecular hybridization approach, herein we propose that linking a known CB2R scaffold to a

proper ZBG group might be a valuable strategy to design compounds acting as dual CB2R/HDAC.



For example, Panobinostat (36, figure 10), a well-known HDACI, and many CB2R agonists (e.g.
compound JWH-015, 8) share an indole group, and could be considered an interesting starting
point. Noteworthy, it was already evidenced the versatile ability of the indole group to interact with

diverse targets and to confer drug-like properties.'*?

36 PANOBINOSTAT

Figure 11. Proposed dual CB2R/HDACI obtained by merging compounds 8 and Panobinostat.

Another strategy may consist in the introduction of CB2R pharmacophoric fragments on HDACI
scaffolds (merging approach). In this fashion, a problem could arise from the introduction on
HDAC: structure of the bulky cycloalifatic carboxamide group (usually an adamantyl carboxamide)
very useful to recover CB2R affinity. Mercifully, the work of Cincinelli and coworkers,*® very
recently reported the synthesis of HDACI presenting the large hydrofobic adamantyl group and
showing a good efficacy as antiproliferative and proapoptotic agents.

Interestingly, also Gopalan and colleagues reported the discovery of adamantane based highly
potent HDACI,* thus confirming that the presence of a bulky adamantyl core, although very

bulky, is compatible with an inhibitory activity towards HDAC.



On this basis, 2-aminoanilide represents another HDAC scaffold that can be proposed as starting
point for satisfying CB2R pharmacophore needs.

In particular, the structure of entinostat (38, Figure 12) could represent a suitable starting scaffold
for the introduction of CB2R pharmacophoric substituents such as a cycloaliphatic (also the

adamantly) carboxamide and the essential aliphatic chain.
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Figure 12. Proposed strategy to design dual CB2R/HDACI: merging approach involving the structure of

entinostat and the CB2R pharmacophore.

As reported in the following sections, all these suggestions, based on the inspection of the available
literature, may represent a promising starting point for setting up rational strategies based on an
effective interplay between experimental and computational approaches.®

= DUAL CB2R/SIGMA FOR CANCER AND NEURODEGENERATION THERAPY
Sigma-1 and sigma-2 receptors are other targets that we propose as promising for the development
of dual drugs, being both involved in cancer and neurodegeneration. Sigma-1 receptor is a
chaperone protein expressed in the central nervous system (CNS),*> where it plays a role in
neurodegeneration, and in peripheral organs and in immune and endocrine tissues,'*® where the
protein is mainly studied for its involvement in cancer disease. Because of its chaperone nature,

sigma-1 receptor is usually associated with binding immunoglobulin protein (BiP) in a resting state



on the surface of endoplasmic reticulum (ER), in an area known as the mitochondrial associated ER
membrane (MAM). After activation by ligands or Ca?* depletion from ER, sigma-1 receptor
dissociates from BiP and binds to Inositol 1,4,5-trisphosphate receptor type 3 (IP3R3) in order to
increase Ca®* fluxes from ER to mitochondria and to regulate IRE1-dependent pathway, which
neutralizes ER stress. Among the activities associated with sigma-1 receptor, worthy of note are
also the antiapoptotic and antioxidant ones resulting from the interaction with Bcl-2, and Nrf2.14
Several ligands have been developed as modulators of sigma-1 receptor, allowing the identification
of a commonly accepted pharmacophoric model that works well irrespective of the ligand activity
(antagonism and agonism): an amine site flanked by two hydrophobic regions.'#’

Sigma-2 receptor is less known and understood. Through the years, diverse identities have been
attributed to this still little-known receptor. After the histone hypothesisl“sll“g‘ sigma-2 receptor was
proposed as the progesterone receptor membrane component 1 (PGRMC1)*° and recently as
TMEM97.15! The sigma-1 subtype is strictly connected to several neurodegenerative diseases (such
as Amyotrophic Lateral Sclerosis (ALS), '52%% Parkinson’s disease (PD), %7*®* Huntington’s
disease (HD),'6216 Alzheimer’s disease (AD)™4'% with sigma-1 receptor agonists that improve
neurotransmission and exert anti-neurodegenerative effects.161'157l15el The sigma-2 subtype has only
recently been associated with AD, as a class of sigma-2 receptor antagonists inhibit the binding of
AP oligomers to their neuronal binding sites, reducing the neurotoxic effects. 3% |mportantly, one
of these molecules CT1812 (Elayta™) has entered phase 2 clinical trials for early AD treatment.

As for its involvement in cancer, sigma-1 receptor is expressed in many human tumor cell lines,*
where it influences ion channels (highly expressed in cancer cells)!® and regulates essential
processes for tumor expansion and cell survival such as mitosis and apoptosis.}”* Therefore, sigma-
1 receptor antagonists such as rimcazole, IPAG, reduced haloperidol, BD-1047, BD-1063'"? and
PB212%3 can inhibit tumor cell survival.

Sigma-2 receptor has been widely studied in the oncology field, where the effect on cell

proliferation of its modulators, through diverse mechanisms, mainly relies on the modulation of ER
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stress through the control of Ca?* release,'’*"® the increase in ROSY’ and the mitochondrial
superoxide production.”®

According to the MTDL strategy, these pieces of evidence prompt us to connect the
antineurodegenerative and anticancer activities of CB2Rs with the properties of sigma receptors.
We believe that hitting these targets at the same time could provide a successful strategy to
modulate, in a synergistic manner, diverse biological pathways underlying cancer and
neurodegeneration. Dual CB2R/sigma have never been synthesized, but the exploitation of
scaffolds with proven affinity for both the receptors classes, according to the corresponding
pharmacophores, could represent a valuable starting point.

As an example, the herein reported 4-Quinolone class (Figure 13), which is proved to have high
CB2R affinity, was used by Estrada-Valencia and colleagues to design MTDLs able to bind sigma-
1 and other targets involved in AD, such as AChE, MAOs, BACE-1 and LOX-5.17°
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Figure 13. General structure of Estrada-Valencia’s ligands.

Another example is represented by the 2-Quinolone class, which has been explored by Mugnaini
and colleagues to develop CB2R ligands with anticancer activity,'®® while Weber and colleagues
produced 3,4-dihydro-2-quinolones as sigma-1 receptor antagonists with antinociceptive action
(Figure 14).18! These studies provide evidence of the common scaffolds which can be employed in
order to obtain dual CB2R/sigma ligands. Modification of these scaffolds with the insertion of a
basic moiety on the quinolinone nucleus for the Mugnaini’s ligand 39, or with a bulky alkyl amide
for the Weber’s ligand 40 could correspond to an overlap of the CB2R and sigma-1 receptor

pharmacophore leading to the desired dual ligands. Based on this evidence, structure-based and



ligand-based approaches, as reported in the following section, can be employed to select the
appropriate positions for convenient structural changes, guiding also the selection of other scaffolds

different from those herein proposed.
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Figure 14. Mugnaini’s ligand 39, on the left; Weber’s ligand 40 on the right; Proposed strategy to
design dual CB2R/SIGMA: an outline of possible modifications is reported on the bottom.

The same strategy could also be applied for the development of dual CB2R agonists and sigma-2
receptor ligands, with similar therapeutic perspectives outlined for the sigma-1 subtype. However,
despite the fact that the two sigma subtypes share similar pharmacophoric elements, the lack of the
sigma-2 receptor crystal structure makes this task more difficult, hampering the application of in-

silico structure-based approaches.

m IN-SILICO APPROACHES FOR THE IDENTIFICATION OF DUAL CB2R/HDAC AND

CB2R/SIGMA COMPOUNDS.



Although the first chemicals able to act on multiple targets were discovered by serendipity, MTDLSs
are today designed by means of rational approaches. As extensively reviewed in the last
years,3310%182 employing state-of-the-art computational strategies is mandatory to properly approach
such a difficult issue saving money and time. More specifically, molecular modelling (MM) is in
the spotlight (i) to select promising target combinations at the early stages of a multi-target drug
discovery project; (ii) to identify initial hits acting on multiple targets; (iii) to optimize the multi-
target activity during the “hit-to-lead” and “lead-optimization” phases. A fundamental prerequisite
for employing MM approaches is the knowledge of molecules acting on the targets of interest (i.e.
ligand-based rational design - LBRD) or of the three dimensional information of the target
structures (i.e. structure-based rational design - SBRD). As described below, such conditions are
totally met when CB2R, HDAC and sigma-1 receptor are taken into account while, on the contrary,
the available information regarding sigma-2 receptor is still too poor to apply reliable MM
approaches, although we are confident that this limit will be overcome in the next future due to the
increasing importance of this target. In this section, we will outline viable computational
approaches to guide the identification and design of dual CB2R/HDAC and CB2R/sigma-1, with
the aim of providing valuable preliminary information for medicinal chemists interested in the field.
In particular, a special attention will be devoted to emerging strategies based on the application of
machine learning techniques.

Structure- and ligand-based rational design

CB2R/HDAC and CB2R/sigma-1 represent promising target associations not only from a
therapeutic but also from a methodological point of view. The high amount of data, today available
in freely accessible data resources such as Protein Data Bank,'® containing information about
experimentally-determined structures of proteins, and CHEMBL,* containing a curated database
of bioactive molecules, constitutes an ideal playground for planning reliable SBRD and LBRD
strategies. Noteworthy, in the last years the absence of an atomic-resolution structure of CB2R has

represented the main hindrance to the application of SBRD strategies on this target, although



examples of research efforts in this direction, based on the development and employment of
homology models, are available in the literature.'®-8” Such a limitation has been overcome only in
2019 when Li et al. deposited the first x-ray structure of human CB2R in the Protein Data Bank
(PDB ID: 5ZTY*®#), thus making reliable the application of SBRD approaches, as we showed in a
recently published paper.?® Even more interestingly, Hua et al. published in 2020 the first crystal
structure of an agonist bound human CB2R (PDB ID: 6KPC®), thus providing unprecedented
structural information for rationally designing CB2R agonists. As far as HDACs are concerned,
several 3D structures of different human isoforms are available in the Protein Data Bank. Examples
are given by several X-ray structures, in complex with inhibitors, of HDAC2 (PDB ID 3MAX,!%
51X0,1%! 5IWG,°t 6WBZ,1%2 6WBW,1%? 6G30,1% 4LXZ'* and 4LY1'%), HDAC4 (PDB ID:
2VQQ,™5 2VQM,1%5 2vQJ 1% 5A2S,1% 4ACBY,1% 4CBT and 6FYZ!¥"), HDAC7 (PDB ID:
3ZNR,'%® 3ZNS,%83C0Z'*° and 3C10'°) and HDACS8 (PDB ID: 1VKG,?® 1T64,2° 5D1B,2%"
1T69,2%° 1T67%%° and 2V5X?%%). Some of these structures have been successfully employed in the
last years to identify, for instance, HDAC4,%® HDACS8,%** dual MMP-2/HDAC-8%% and dual
MMP2/HDAC-62% inhibitors by means of SBRD strategies. Valuable structural information is
today available also for sigma-1 receptor. In 2016 Schmidt et al. published on Nature the first
crystal structures of its human form in complex with PD144418 (PDB ID: 5HK1%%") and 4-1BP
(PDB 1D: 5HK22%7) while, two years later, the same research group made available the crystal
structures of human sigma-1 in complex with haloperidol (PDB ID: 6DJZ?%) NE-100 (PDB ID:
6DK0%%) and (+)pentazocine (PDB ID: 6DK12%). All these receptor-ligand complexes show a
common ligand binding mode where an interaction between a basic amine and Glul72 seems to be
crucial for molecular recognition. Importantly, Greeenfield at al. have recently identified high
affinity sigma-1 receptor ligands by employing a docking based virtual screening (VS).2%° These
results allowed them to suggest this receptor as an ideal candidate for SBRD strategies. All these
pieces of evidence, taken as whole, provide a breeding ground to guide the identification and design

of CB2R/HDAC and CB2R/sigma-1 MTDLs by means of SBRD strategies. Binding site similarity



analysis can be performed in order to select, for instance, which HDAC structure (and therefore
isoform) is better suited for designing dual CB2R/HDAC compounds by comparing the available
CB2R and HDAC pockets. Cavities can be characterized by means of several methodologies?
based, for instance, on quadruplet fingerprints applied to molecular interaction fields?** or Principal
Component Analysis (PCA) applied on properties such as size, polarity and charge.?*? Hierarchical
computational platforms for multilayer VS of large chemical libraries can be developed based on
molecular shape similarity, structure-based pharmacophore models and molecular docking
simulations.?!® VS campaigns can be independently performed on CB2R, HDAC and sigma-1 and
promising hits can be identified from those compounds located at the top of the ranked lists.
Molecular docking simulations can be also employed to investigate the proposed scaffolds based on
molecular hybridization (Figures 11, 12 and 14) and suggest the most promising structural changes
to be considered for designing the first MTDLs acting on these targets. Due to the currently
available data, CB2R/HDAC and CB2R/sigma-1 MTDLs might be also identified by means of
LBDD approaches based, for instance, on the development and application of Quantitative
Structure-Activity Relationship (QSAR) models or similarity-based algorithms for target
prediction.?* Examples of successful application of the so-called “multi-target QSAR” are available
in the literature?’®27 and have been recently reviewed by Abdolmaleki et al.?® Noteworthy,
ChEMBL (version 27.1) contains curated experimental data concerning 3989, 1678 and 2274
compounds provided with high affinity (ICso or Ki values < 1uM) towards human CB2R, HDAC
and sigma-1 receptor respectively. Figure 15 shows the projection of these compounds into the top
two principal components (PCs) obtained from 11 topological and 323 physicochemical descriptors
computed for each ligand using Canvas,?*® available in the Schrodinger suite, as software. The plot
clearly indicates the presence of a common chemical space covered by CB2R and HDAC (Figure
15A) as well as CB2R and sigma-1 (Figure 15B) binders, thus supporting the idea, based on the

inspection of the proposed pharmacophores, that these target combinations are promising for



designing MTDLs. Notice that in a chemical space representation the closeness of the represented

points reflects the structural and/or property similarity of the corresponding compounds.
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Figure 15. Projection of A) CB2R (black points) and HDAC (red points) and B) CB2R (black points) and sigma-1 (red
points) high affinity (ICso or Ki < 1pM) compounds into the top two PCs obtained from 11 topological and 323

physicochemical descriptors. Notice that PC1 and PC2 are plotted accounting for: A) 90% (CB2R/HDAC) and B) 87%
\oﬂ the total variance.

Last but not least, the available public data can be implemented to identify CB2R/HDAC and
CB2R/sigma-1 MTDLs by integrating SBDD and LBDD approaches in a single technique.??®
Indeed, combining the information on the protein structures with that on the physicochemical and
biological properties of bound ligands can strongly enhance the success rate in multi-target drug

discovery programs. Noteworthy, this strategy proved effective for the identification of a first dual

compound acting on Heat shock protein 90 (Hsp90) and tubulin?! two important anticancer targets.

Machine-Learning-Assisted De Novo Design

Due to the available knowledge of ligands acting on CB2R, HDAC and sigma-1, machine learning
can be also employed to design CB2R/HDAC and CB2R/sigma-1 MTDLs. Such approaches,
widely used in several application domains such as image understanding, signal processing and
matter engineering, are today emerging as particularly effective for de-novo design of compounds

having desired properties, including biological activities towards specific targets of interest.?22
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The main aspect of these techniques is that they are able of learning a representation of a given
physical or abstract phenomenon described by a functional relation y=f(x), i.e. a mapping function
between the input variables or observations (for example, fingerprint representations of molecules)
and an output variable that can be discrete or continuous such as an active/inactive label or the
bioactivity value. The data take form of input/output pairs (x,y) called examples and collected
during the observation of the phenomenon. In mathematical terms, de novo design aims to find an
element x that is related to the value y: y = f (x). In molecular terms, x is a molecular structure from
the chemical space and y is the descriptor of x computed by function f. The problem begins to learn
a representation of f by using a training set composed of N examples (x,y). This form of learning is
known as supervised learning, as there is a teacher providing the value y for each input x in the
training phase. There is another form of learning that is unsupervised and relevant for de-novo drug
design called density estimation.?”® We can imagine the chemical space of compounds as a compact
continuous space that includes a probability density p, the goal is to learn this probability density in
order to sample from it new observations. Recently, this difficult problem has been tackled under a
different and appealing perspective. Instead of estimating the density p and then sampling p for
obtaining new observations, we can directly generate new observations. This class of techniques,
known as generative models, use deep neural networks for representing the probability density
functions. Probabilistic models based on neural networks are computationally scalable since they
use stochastic gradient-based optimization which allows scaling to large models and large data
sets.??4 225 The simplest form of generative model for de-novo drug design is described in Gupta et
al. 2018.2% The authors explore the vast chemical space for compounds which may not have been
synthesized before by using a generative deep learning model based on Recurrent Neural Networks
(RNNs), the network of choice for tasks involving sequential inputs. Indeed, the authors used
Simplified Molecular Input Line Entry Specification (SMILE) representation. RNNs process an
input sequence one element at a time, maintaining in their hidden units a state vector that implicitly

contains information about the history of all the past elements of the sequence. Their recurrent



network is composed of two layers of Long Short-Term Memory (LSTM) cells first introduced by
Hochreiter and Schmidhuber in 199722 for solving the gradient vanishing problem affecting the
vanilla RNNSs. Trained with backpropagation through time, their model was able to generate valid
SMILE strings with high accuracy, structurally similar to drugs with known activities against
particular targets. In other words, by training RNNs on datasets containing compounds with high
affinity towards human CB2R, HDAC and sigma-1 receptor, one could generate compounds which
can be considered as ideal MTDLs candidates. More sophisticated deep generative models, well
suited for multi target drug de-novo design, make use of autoencoders for converting molecular
discrete representations of variable length to continuous, fixed length vectors belonging to a latent
space of r.v. in which to generate novel chemical compounds by performing simple algebraic
operations such as interpolating between molecules. Variational autoencoders (VAE)?" are
generative models composed of an encoder which maps SMILES representations of molecules into
a latent space and of a decoder which converts latent vectors to the original input SMILES. Both
encoder and decoder are implemented by using multilayer RNNs with LSTM units. The main
aspect of VAE consists in learning the parameters of probability distribution of the latent space and
in using these parameters for generating new latent vectors corresponding to novel compounds with
given properties. In other terms, generating chemical structures by optimizing with respect to
selected properties (such as activity towards more targets of interest) can be performed by
optimizing a reward function in the continuous latent space. Gémez-Bombarelli et al. utilized
Bayesian Optimization®?’ to find points in the space corresponding to molecules with a desired
property. Another approach for fine-tuning a generative model in order to design molecules with a
specific property is Reinforcement Learning. In the case of de-novo design, Reinforcement
Learning aims at learning how it is possible to optimize a reward in a given space. Olivecrone et
al.??2 utilized this concept to modify the generative process of a pre-trained RNN to generate a set
of molecules enriched of compounds with desirable properties. An appealing alternative to VAE are

the Generative Adversarial Networks (GAN) adopted in Kudurin et al.??® to identify new molecular



fingerprints with predefined anticancer properties. GANs are based on a minimax game. A
generative model G (generator) is opposed to a discriminative model D (discriminator) that learns to
determine whether a sample is drawn from the data distribution or from the distribution generated
by G (model distribution). This model G is analogous to a group of counterfeiters, trying to produce
counterfeit money, while the model D is analogous to the police, trying to detect the fake currency.
During the competition, both the counterfeiters and the police try to improve their strategies until
the counterfeits are indistinguishable from the true articles. So, D has to minimize the error rate in
discriminating true from fake samples, and G has to maximize its ability to generate samples similar
to the real data. Both D and G are described through multilayer perceptron and optimized through
backpropagation. A characteristic of such generative models is that they do not explicitly represent
the likelihood, yet they are able to generate samples from the desired distribution. GANs differ in
how they generate molecules, but they all apply Reinforcement Learning to generate more
molecules with structures that are active on both targets of interest. Successful generative models
for the de-novo design of multi-target compounds are available in the literature. Of note is the paper
by Winter et al.??° By using a lighter weight heuristic optimization method termed Particle Swarm
Optimization (PSO), the authors designed de-novo compounds with predicted multi-target activity
towards the epidermal growth factor receptor (EGFR) and aspartyl protease b-site APP cleaving
enzyme-1 (BACEL). Noteworthy, they applied PSO in a continuous chemical representation and
used it to optimize molecules with respect to a multi-objective value function defined as a
combination of multiple molecular properties. The model was able to generate compounds with
optimized metabolic stability, predicted solubility, cell permeability, drug-likeness as well as a good
synthetic accessibility. Another meaningful example is represented by a paper published while
writing this perspective. In particular, Tan et al.?® reported an automated deep learning workflow
for the automatic design of MTDLs. The developed model was able to generate molecules with
potent activities towards dopamine D2, serotonin 5-HT1a and 5-HT2a receptors, a polypharmacology

profile highly desirable to develop drugs with antipsychotic effects.



m CONCLUSIONS

CB2R plays a crucial role in neurodegeneration and several types of tumours due to its involvement
in the (neuro)inflammatory process and, recently, it has been successfully associated to other targets
such as AChE and BchE for developing MTDLs with beneficial polyphamacology effects for the
AD treatment. Starting from this evidence, in this paper we prompt the scientific community to
consider new target associations, namely CB2R/HDAC and CB2R/sigma receptors, for developing
new and promising MTDLs for cancer and neurodegeneration therapy. Such a suggestion is based
on: i) an in-depth inspection of the available literature indicating the presence of common
pharmacophoric elements; ii) the available public information concerning the 3D target structures as
well as several known high affinity ligands. The paper is discussed in the perspective to provide a
guide for medicinal chemists interested in this attractive opportunity and having experience in the
fields of molecular hybridization, molecular modelling and/or machine learning guided de-novo
design.
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m ABBREVIATIONS USED

5-HT1a, serotonin receptor subtype 1A; 5-HT2a, serotonin receptor subtype 2A; pM, micromolar;
AP, amyloid B-protein; AChE, acetylcholine esterase; AD, Alzheimer’s disease; ADME,
absorption, distribution, metabolism and excretion; ALS, amyotrophic lateral sclerosis; APP,
amyloid-p precursor protein; BACE-1, beta-secretase; BChE, butyrylcholinesterase; Bcl-2, B-cell
lymphoma 2; BiP, binding immunoglobulin protein; CB1R, cannabinoid receptor subtype 1; CB2R,
cannabinoid receptor subtype 2; CNS, central nervous system; D», dopamine receptor subtype 2; D,
discriminator; DNA, deoxyribonucleic acid; ECso, half maximal effective concentration; EGFR,
epidermal growth factor receptor; ER, endoplasmic reticulum; FDA, Food and Drug
Administration; G, generator; GAN, Generative Adversarial Networks; HAT, histone acetyl
transferase; HD, Huntington’s disease; HDAC, histone deacetylases; HDACIi, HDAC inhibitors;
Hsp90, Heat shock protein 90; i-Pr, isopropyl; 1Cso, half-maximum inhibitory concentration; IP3R3,
inositol 1,4,5-triphosphate receptor type 3; IREL, inositol-requiring enzyme 1; Ki, inhibition

constant; LBDD, Ligand-Based Drug Design; LBRD, ligand-based rational design; LOX-5,



arachidonate 5-lipoxygenase; LSTM, Long Short-Term Memory; MAM, mitochondrial associated
ER membrane; MAQOs, monoamine oxidase; MM, molecular modeling; MTDLs, multitarget
directed ligands; nM, nanomolar; Nrf2, Nuclear factor erythroid 2—-related factor 2; PCA, principal
component analysis; PCs, principal components; PD, Parkinson's disease; PDB, protein data bank;
PGRMC1, progesterone receptor membrane component 1; PSO, Particle Swarm Optimization;
QSAR, Quantitative Structure-Activity Relationship; ROS, reactive oxygen species; RNNSs,
Recurrent Neural Networks; SBDD, Structure Based Drug Design; SBRD, structure-based rational
design; SMILES, Simplified Molecular Input Line Entry Specification; t-Bu, tert-butyl; THC,
tetrahydrocannabinol; TMEM97, Transmembrane Protein 97; VAE, Variational autoencoders; VS,

virtual screening; ZBG, zinc binding group.

m REFERENCES

(1) Contino, M.; Capparelli, E.; Colabufo, N. A.; Bush, A. I. Editorial: The CB2 Cannabinoid
System: A New Strategy in Neurodegenerative Disorder and Neuroinflammation. Frontiers
in neuroscience. 2017. DOI:10.3389/fnins.2017.00196.

(2)  Spinelli, F.; Capparelli, E.; Abate, C.; Colabufo, N. A.; Contino, M. Perspectives of
Cannabinoid Type 2 Receptor (CB2R) Ligands in Neurodegenerative Disorders: Structure-
Affinity Relationship (SAfiR) and Structure-Activity Relationship (SAR) Studies. J. Med.
Chem. 2017, 60, 9913-9931. DOI: 10.1021/acs.jmedchem.7b00155.

(3) Contino, M.; McCormick, P. J. Editorial: The Canonical and Non-Canonical
Endocannabinoid System as a Target in Cancer and Acute and Chronic Pain. Frontiers in
pharmacology. 2020. DOI: 10.3389/fphar.2020.00312.

(4) Howlett, A. C.; Breivogel, C. S.; Childers, S. R.; Deadwyler, S. A.; Hampson, R. E.; Porrino,
L. J. Cannabinoid Physiology and Pharmacology: 30 Years of Progress. Neuropharmacology
2004, 345-358, DOI: 10.1016/j.neuropharm.2004.07.030

(5)  Turcotte, C.; Blanchet, M. R.; Laviolette, M.; Flamand, N. The CB2receptor and Its Role as a



Regulator of Inflammation. Cell. Mol. Life Sci. 2016, 73, 4449-4470. DOI: 10.1007/s00018-
016-2300-4.

(6) Cabral, G. A,; Raborn, E. S.; Griffin, L.; Dennis, J.; Marciano-Cabral, F. CB2 Receptors in
the Brain: Role in Central Immune Function. Br. J. Pharmacol. 2008, 153, 240-251, DOI:
10.1038/sj.bjp.0707584.

(7)  Heneka, M. T.; Kummer, M. P.; Latz, E. Innate Immune Activation in Neurodegenerative
Disease. Nat. Rev. Immunol. 2014, 14, 463-477. DOI: 10.1038/nri3705.

(8)  McGeer, P. L.; McGeer, E. Conquering Alzheimer’s Disease by Self Treatment. J.
Alzheimers. Dis. 2018, 64, S361-S363. DOI: 10.3233/JAD-179913.

(9) Cassano, T.; Calcagnini, S.; Pace, L.; De Marco, F.; Romano, A.; Gaetani, S. Cannabinoid
Receptor 2 Signaling in Neurodegenerative Disorders: From Pathogenesis to a Promising
Therapeutic Target. Front. Neurosci. 2017, 11. DOI: 10.3389/fnins.2017.00030.

(10) Cabral, G. A,; Griffin-Thomas, L. Emerging Role of the Cannabinoid Receptor CB2 in
Immune Regulation: Therapeutic Prospects for Neuroinflammation. Expert Rev. Mol. Med.
2009, 11. DOI: 10.1017/S1462399409000957.

(11) Moreno, E.; Cavic, M.; Krivokuca, A.; Casado, V.; Canela, E. The Endocannabinoid System
as a Target in Cancer Diseases: Are We There Yet? Front. Pharmacol. 2019, 10. DOI:
10.3389/fphar.2019.00339.

(12) Capozzi, A.; Mattei, V.; Martellucci, S.; Manganelli, V.; Saccomanni, G.; Garofalo, T;
Sorice, M.; Manera, C.; Misasi, R. Anti-Proliferative Properties and Proapoptotic Function of
New CB2 Selective Cannabinoid Receptor Agonist in Jurkat Leukemia Cells. Int. J. Mol.
Sci. 2018, 19. DOI: 10.3390/ijms19071958.

(13) Guindon, J.; Hohmann, A. G. The Endocannabinoid System and Cancer: Therapeutic
Implication. Br. J. Pharmacol. 2011, 163, 1447-1463. DOI: 10.1111/j.1476-
5381.2011.01327.x.

(14) Velasco, G.; Sanchez, C.; Guzman, M. Anticancer Mechanisms of Cannabinoids. Curr.



(15)

(16)

an

(18)

(19)

(20)

1)

(22)

Oncol. 2016, 23, S23-S32. DOI: 10.3747/c0.23.3080.

Aso, E.; Ferrer, I. CB2 Cannabinoid Receptor As Potential Target against Alzheimer’s
Disease. Front. Neurosci. 2016, 10. DOI: 10.3389/fnins.2016.00243.

Aso, E.; Ferrer, 1. Cannabinoids for Treatment of Alzheimer’s Disease: Moving toward the
Clinic. Front. Pharmacol. 2014, 5. DOI: 10.3389/fphar.2014.00037.

Wu, J.; Bie, B.; Yang, H.; Xu, J. J.; Brown, D. L.; Naguib, M. Activation of the CB2
Receptor System Reverses Amyloid-Induced Memory Deficiency. Neurobiol. Aging 2013,
34, 791-804. DOI: 10.1016/j.neurobiolaging.2012.06.011.

Concannon, R.; Finn, D. P.; Dowd, E. Cannabinoids in Parkinson’s Disease. Cannabinoids
Neurol. Ment. Dis. 2015, 2, 35-59. DOI: 10.1016/B978-0-12-417041-4.00003-5.
Shoemaker, J. L.; Seely, K. A.; Reed, R. L.; Crow, J. P.; Prather, P. L. The CB2 Cannabinoid
Agonist AM-1241 Prolongs Survival in a Transgenic Mouse Model of Amyotrophic Lateral
Sclerosis When Initiated at Symptom Onset. J. Neurochem. 2007, 101, 87-98. DOI:
10.1111/j.1471-4159.2006.04346.X.

Spinelli, F.; Giampietro, R.; Stefanachi, A.; Riganti, C.; Kopecka, J.; Abatematteo, F. S.;
Leonetti, F.; Colabufo, N. A.; Mangiatordi, G. F.; Nicolotti, O.; Perrone, M.G.; Brea, J.;
Loza, M.1.; Infantino, V.; Abate, C.; Contino, M. Design and Synthesis of Fluorescent
Ligands for the Detection of Cannabinoid Type 2 Receptor (CB2R). Eur. J. Med. Chem.
2020, 188. DOI: 10.1016/j.ejmech.2020.112037.

Kiskova, T.; Mungenast, F.; Suvakova, M.; Jager, W.; Thalhammer, T. Future Aspects for
Cannabinoids in Breast Cancer Therapy. Int. J. Mol. Sci. 2019, 20. DOI:
10.3390/ijms20071673.

Zhang, J.; Zhang, S.; Liu, Y.; Su, M.; Ling, X.; Liu, F.; Ge, Y.; Bai, M. Combined CB2
Receptor Agonist and Photodynamic Therapy Synergistically Inhibit Tumor Growth in
Triple Negative Breast Cancer. Photodiagnosis Photodyn. Ther. 2018, 24, 185-191. DOI:

10.1016/j.pdpdt.2018.09.006.



(23)

(24)

(25)

(26)

@7)

(28)

(29)

Guo, X.; Ling, X.; Du, F.; Wang, Q.; Huang, W.; Wang, Z.; Ding, X.; Bai, M.; Wu, Z.
Molecular Imaging of Pancreatic Duct Adenocarcinoma Using a Type 2 Cannabinoid
Receptor-Targeted Near-Infrared Fluorescent Probe. Transl. Oncol. 2018, 11, 1065-1073.
DOI: 10.1016/j.tranon.2018.06.009.

Velasco, G.; Hernandez-Tiedra, S.; Davila, D.; Lorente, M. The Use of Cannabinoids as
Anticancer Agents. Prog. Neuropsychopharmacol. Biol. Psychiatry 2016, 64, 259-266. DOI:
10.1016/j.pnpbp.2015.05.010.

Basagni, F.; Rosini, M.; Decker, M. Functionalized Cannabinoid Subtype 2 Receptor
Ligands: Fluorescent, PET, Photochromic and Covalent Molecular Probes. ChemMedChem
2020, 15, 1374-1389. DOI: 10.1002/cmdc.202000298

Gonzalez-Naranjo, P.; Campillo, N. E.; Perez, C.; Paez, J. A. Multitarget Cannabinoids as
Novel Strategy for Alzheimer Disease. Curr. Alzheimer Res. 2013, 10, 229-239. DOI:
10.2174/1567205011310030002.

Gonzalez-Naranjo, P.; Perez-Macias, N.; Campillo, N. E.; Perez, C.; Aran, V. J.; Giron, R.;
Sanchez-Robles, E.; Martin, M. I.; Gomez-Canas, M.; Garcia-Arencibia, M.; , Fernandez-
Ruiz, J.; Paez, J. A. Cannabinoid Agonists Showing BUChE Inhibition as Potential
Therapeutic Agents for Alzheimer’s Disease. Eur. J. Med. Chem. 2014, 73, 56-72. DOI:
10.1016/j.ejmech.2013.11.026.

Gonzalez-Naranjo, P.; Perez-Macias, N.; Perez, C.; Roca, C.; Vaca, G.; Giron, R.; Sanchez-
Robles, E.; Martin-Fontelles, M. I.; de Ceballos, M. L.; Martin-Requero, A.; Campillo, N.E.;
Paez, J. A. Indazolylketones as New Multitarget Cannabinoid Drugs. Eur. J. Med. Chem.
2019, 166, 90-107. DOI: 10.1016/j.ejmech.2019.01.030.

Dolles, D.; Nimczick, M.; Scheiner, M.; Ramler, J.; Stadtmuller, P.; Sawatzky, E.;
Drakopoulos, A.; Sotriffer, C.; Wittmann, H.-J.; Sreasser, A.; Decker, M.
Aminobenzimidazoles and Structural Isomers as Templates for Dual-Acting

Butyrylcholinesterase Inhibitors and HCB2 R Ligands To Combat Neurodegenerative


https://pubmed.ncbi.nlm.nih.gov/?term=Garc%C3%ADa-Arencibia+M&cauthor_id=24378710
https://pubmed.ncbi.nlm.nih.gov/?term=Fern%C3%A1ndez-Ruiz+J&cauthor_id=24378710
https://pubmed.ncbi.nlm.nih.gov/?term=Fern%C3%A1ndez-Ruiz+J&cauthor_id=24378710

(30)

(&)

(32)

(33)

(34)

(35)

(36)

@7

Disorders. ChemMedChem 2016, 11, 1270-1283. DOI: 10.1002/cmdc.201500418.

Dolles, D.; Hoffmann, M.; Gunesch, S.; Marinelli, O.; Moller, J.; Santoni, G.; Chatonnet, A.;
Lohse, M. J.; Wittmann, H.-J.; Strasser, A.; Nabissi, M.; Maurice, T.; Decker, M. Structure-
Activity Relationships and Computational Investigations into the Development of Potent and
Balanced Dual-Acting Butyrylcholinesterase Inhibitors and Human Cannabinoid Receptor 2
Ligands with Pro-Cognitive in Vivo Profiles. J. Med. Chem. 2018, 61, 1646-1663. DOI:
10.1021/acs.jmedchem.7b01760.

Scheiner, M.; Dolles, D.; Gunesch, S.; Hoffmann, M.; Nabissi, M.; Marinelli, O.; Naldi, M.;
Bartolini, M.; Petralla, S.; Poeta, E.; Monti, B.; Falkeis, C.; Vieth, M.; Hibner, H.; Gmeiner,
P.; Maitra, R.; Maurice, T.; Decker, M.Decker, M. Dual-Acting Cholinesterase-Human
Cannabinoid Receptor 2 Ligands Show Pronounced Neuroprotection in Vitro and
Overadditive and Disease-Modifying Neuroprotective Effects in Vivo. J. Med. Chem. 2019,
62, 9078-9102. DOI: 10.1021/acs.jmedchem.9b00623.

Bolognesi, M. L.; Cavalli, A. Multitarget Drug Discovery and Polypharmacology.
ChemMedChem. 2016, 11, 1190-1192. DOI: 10.1002/cmdc.201600161

Anighoro, A.; Bajorath, J.; Rastelli, G. Polypharmacology: Challenges and Opportunities in
Drug Discovery. J. Med. Chem. 2014, 57, 7874-7887. DOI: 10.1021/jm5006463.

Amelio, 1.; Lisitsa, A.; Knight, R. A.; Melino, G.; Antonov, A. V. Polypharmacology of
Approved Anticancer Drugs. Curr. Drug Targets 2017, 18, 534-543. DOI:
10.2174/1389450117666160301095233.

Bolognesi, M. L. Polypharmacology in a Single Drug: Multitarget Drugs. Curr. Med. Chem.
2013, 20, 1639-1645. DOI: 10.2174/0929867311320130004.

Morphy, R.; Rankovic, Z. Designing Multiple Ligands - Medicinal Chemistry Strategies and
Challenges. Curr. Pharm. Des. 2009, 15, 587-600. DOI: 10.2174/138161209787315594.
Morphy, R.; Kay, C.; Rankovic, Z. From Magic Bullets to Designed Multiple Ligands. Drug

Discov. Today 2004, 9, 641-651. DOI: 10.1016/S1359-6446(04)03163-0.



(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

Morphy, R.; Rankovic, Z. The Physicochemical Challenges of Designing Multiple Ligands.
J. Med. Chem. 2006, 49, 4961-4970. DOI: 10.1021/jm0603015.

Kim, F. J.; Maher, C. M. Sigmal Pharmacology in the Context of Cancer. Handb. Exp.
Pharmacol. 2017, 244, 237-308. DOI: 10.1007/164_2017_38.

Huang, Y.-S.; Lu, H.-L.; Zhang, L.-J.; Wu, Z. Sigma-2 Receptor Ligands and Their
Perspectives in Cancer Diagnosis and Therapy. Med. Res. Rev. 2014, 34, 532-566. DOI:
10.1002/med.21297.

Huang, M.; Zhang, J.; Yan, C.; Li, X.; Zhang, J.; Ling, R. Small Molecule HDAC Inhibitors:
Promising Agents for Breast Cancer Treatment. Bioorg. Chem. 2019, 91. DOI:
10.1016/j.bioorg.2019.103184.

Guerriero, J.; Sotayo, A.; Ponichtera, H.; Castrillon, J.; Pourzia, A.; Schad, S.; Johnson, S.;
Carrasco, R.; Lazo, S.; Bronson, R.T.; Davis, S.P.; Lobera, M.; Nolan, M.A.; Letai, A. Class
Ila HDAC Inhibition Reduces Breast Tumours and Metastases through Anti-Tumour
Macrophages. Nature 2017, 543, 428-432. DOI: 10.1038/nature21409.

Fang, H.; Du, G.; Wu, Q.; Liu, R.; Chen, C.; Feng, J. HDAC Inhibitors Induce Proline
Dehydrogenase (POX) Transcription and Anti-Apoptotic Autophagy in Triple Negative
Breast Cancer. Acta Biochim. Biophys. Sin.2019, 51, 1064-1070. DOI:
10.1093/abbs/gmz097.

Fedele, P.; Orlando, L.; Cinieri, S. Targeting Triple Negative Breast Cancer with Histone
Deacetylase Inhibitors. Expert Opin. Investig. Drugs 2017, 26, 1199-1206. DOI:
10.1080/13543784.2017.1386172.

Gray, J.; Cubitt, C. L.; Zhang, S.; Chiappori, A. Combination of HDAC and Topoisomerase
Inhibitors in Small Cell Lung Cancer. Cancer Biol. Ther. 2012, 13, 614-622. DOI:
10.4161/cht.19848.

Edderkaoui, M.; Chheda, C.; Soufi, B.; Zayou, F.; Hu, R. W.; Ramanujan, V. K.; Pan, X.;

Boros, L. G.; Tajbakhsh, J.; Madhav, A.; Bhowmick, N.A.; Wang, Q.; Lewis, M.; Tuli, R.;



(47)

(48)

(49)

(50)

(51)

(52)

Habtezion, A.; Murali, R.; Pandol, S. J. An Inhibitor of GSK3B and HDAC: Kills
Pancreatic Cancer Cells and Slows Pancreatic Tumor Growth and Metastasis in Mice.
Gastroenterology 2018, 155, 1985-1998. DOI: 10.1053/j.gastr0.2018.08.028.

Rana, Z.; Diermeier, S.; Hanif, M.; Rosengren, R. J. Understanding Failure and Improving
Treatment Using HDAC Inhibitors for Prostate Cancer. Biomedicines 2020, 8. DOI:
10.3390/biomedicines8020022.

Tejada, M. A.; Montilla-Garcia, A.; Cronin, S. J.; Cikes, D.; Sanchez-Fernandez, C.;
Gonzélez-Cano, R.; Ruiz-Cantero, M. C.; Penninger, J. M.; Vela, J. M.; Baeyens, J.; Cobos,
E. J. Sigma-1 Receptors Control Immune-Driven Peripheral Opioid Analgesia during
Inflammation in Mice. Proc. Natl. Acad. Sci. U. S. A. 2017, 114, 8396-8401. DOI:
10.1073/pnas.1620068114.

Wu, Z.; Li, L.; Zheng, L.-T.; Xu, Z.; Guo, L.; Zhen, X. Allosteric Modulation of Sigma-1
Receptors by SKF83959 Inhibits Microglia-Mediated Inflammation. J. Neurochem. 2015,
134, 904-914. DOI: 10.1111/jnc.13182.

Ruscher, K.; Inacio, A. R.; Valind, K.; Rowshan Ravan, A.; Kuric, E.; Wieloch, T. Effects of
the Sigma-1 Receptor Agonist 1-(3,4-Dimethoxyphenethyl)-4-(3-Phenylpropyl)-Piperazine
Dihydro-Chloride on Inflammation after Stroke. PLoS One 2012, 7. DOI:
10.1371/journal.pone.0045118.

Rosen, D. A.; Seki, S. M.; Fernandez-Castafieda, A.; Beiter, R. M.; Eccles, J. D.; Woodfolk,
J. A.; Gaultier, A. Modulation of the Sigma-1 Receptor-IRE1 Pathway Is Beneficial in
Preclinical Models of Inflammation and Sepsis. Sci. Transl. Med. 2019, 11. DOI:
10.1126/scitransImed.aau5266.

Luo, X.-Q.; Li, A.; Yang, X.; Xiao, X.; Hu, R.; Wang, T.-W.; Dou, X.-Y.; Yang, D.-J.;
Dong, Z. Paeoniflorin Exerts Neuroprotective Effects by Modulating the M1/M2 Subset
Polarization of Microglia/Macrophages in the Hippocampal CA1 Region of Vascular

Dementia Rats via Cannabinoid Receptor 2. Chin. Med. 2018, 13. DOI: 10.1186/s13020-018-



(53)

(54)

(55)

(56)

67

(58)

(59)

0173-1.

Tao, Y.; Li, L.; Jiang, B.; Feng, Z.; Yang, L.; Tang, J.; Chen, Q.; Zhang, J.; Tan, Q.; Feng,
H.; Chen, Z.; Zhu, G. Cannabinoid Receptor-2 Stimulation Suppresses Neuroinflammation
by Regulating Microglial M1/M2 Polarization through the CAMP/PKA Pathway in an
Experimental GMH Rat Model. Brain. Behav. Immun. 2016, 58, 118-129. DOI:
10.1016/j.bbi.2016.05.020.

Tanaka, M.; Sackett, S.; Zhang, Y. Endocannabinoid Modulation of Microglial Phenotypes
in Neuropathology. Front. Neurol. 2020, 11. DOI: 10.3389/fneur.2020.00087.

Mohammadi, A.; Sharifi, A.; Pourpaknia, R.; Mohammadian, S.; Sahebkar, A. Manipulating
Macrophage Polarization and Function Using Classical HDAC Inhibitors: Implications for
Autoimmunity and Inflammation. Crit. Rev. Oncol. Hematol. 2018, 128, 1-18. DOI:
10.1016/j.critrevonc.2018.05.009.

Rodrigues, D. A.; Pinheiro, P. de S. M.; Sagrillo, F. S.; Bolognesi, M. L.; Fraga, C. A. M.
Histone Deacetylases as Targets for the Treatment of Neurodegenerative Disorders:
Challenges and Future Opportunities. Med. Res. Rev. 2020. DOI: 10.1002/med.21701

Yi, B.; Sahn, J. J.; Ardestani, P. M.; Evans, A. K.; Scott, L. L.; Chan, J. Z.; lyer, S.; Crisp,
A.; Zuniga, G.; Pierce, J.T.; Martin, S.F.; Shamloo, M. Small Molecule Modulator of Sigma
2 Receptor Is Neuroprotective and Reduces Cognitive Deficits and Neuroinflammation in
Experimental Models of Alzheimer’s Disease. J. Neurochem. 2017, 140, 561-575. DOI:
10.1111/jnc.13917.

Chao, J.; Zhang, Y.; Du, L.; Zhou, R.; Wu, X.; Shen, K.; Yao, H. Molecular Mechanisms
Underlying the Involvement of the Sigma-1 Receptor in Methamphetamine-Mediated
Microglial Polarization. Sci. Rep. 2017, 7. DOI: 10.1038/s41598-017-11065-8.

Moritz, C.; Berardi, F.; Abate, C.; Peri, F. Live Imaging Reveals a New Role for the Sigma-1
(o1) Receptor in Allowing Microglia to Leave Brain Injuries. Neurosci. Lett. 2015, 591, 13—

18. DOI: /10.1016/j.neulet.2015.02.004.



(60)

(61)

(62)

(63)

(64)

(65)

Aso, E.; Juves, S.; Maldonado, R.; Ferrer, I. CB2 Cannabinoid Receptor Agonist Ameliorates
Alzheimer-like Phenotype in AbetaPP/PS1 Mice. J. Alzheimers. Dis. 2013, 35, 847-858.
DOI: 10.3233/JAD-130137.

Joseph, J.; Niggemann, B.; Zaenker, K. S.; Entschladen, F. Anandamide Is an Endogenous
Inhibitor for the Migration of Tumor Cells and T Lymphocytes. Cancer Immunol.
Immunother. 2004, 53, 723-728. DOI: 10.1007/s00262-004-0509-9.

Pasquini, S.; Botta, L.; Semeraro, T.; Mugnaini, C.; Ligresti, A.; Palazzo, E.; Maione, S.; Di
Marzo, V.; Corelli, F. Investigations on the 4-Quinolone-3-Carboxylic Acid Motif. 2.
Synthesis and Structure-Activity Relationship of Potent and Selective Cannabinoid-2
Receptor Agonists Endowed with Analgesic Activity in Vivo. J. Med. Chem. 2008, 51,
5075-5084. DOI: 10.1021/jm800552f.

Pasquini, S.; Ligresti, A.; Mugnaini, C.; Semeraro, T.; Cicione, L.; De Rosa, M.; Guida, F.;
Luongo, L.; De Chiaro, M.; ... Corelli, F. Investigations on the 4-Quinolone-3-Carboxylic
Acid Motif. 3. Synthesis, Structure-Affinity Relationships, and Pharmacological
Characterization of 6-Substituted 4-Quinolone-3-Carboxamides as Highly Selective
Cannabinoid-2 Receptor Ligands. J. Med. Chem. 2010, 53, 5915-5928. DOI:
10.1021/jm100123x.

Pasquini, S.; De Rosa, M.; Pedani, V.; Mugnaini, C.; Guida, F.; Luongo, L.; De Chiaro, M.;
Maione, S.; Dragoni, S.; Frosini, M.; Ligresti, A.; Di Marzo, V.; Corelli, F. Investigations on
the 4-Quinolone-3-Carboxylic Acid Motif. 4. Identification of New Potent and Selective
Ligands for the Cannabinoid Type 2 Receptor with Diverse Substitution Patterns and
Antihyperalgesic Effects in Mice. J. Med. Chem. 2011, 54, 5444-5453. DOI:
10.1021/jm200476p.

Mugnaini, C.; Nocerino, S.; Pedani, V.; Pasquini, S.; Tafi, A.; De Chiaro, M.; Bellucci, L.;
Valoti, M.; Guida, F.; Luongo, L.; Dragoni, S.; Ligresti, A.; Rosenberg, A.; Bolognini, D.;

Cascio, M.G.; Pertwee, R.G.; Moaddel, R.; Maione, S.; Di Marzo, V.; Corelli, F.



(66)

(67)

(68)

(69)

(70)

Investigations on the 4-Quinolone-3-Carboxylic Acid Motif Part 5: Modulation of the
Physicochemical Profile of a Set of Potent and Selective Cannabinoid-2 Receptor Ligands
through a Bioisosteric Approach. ChemMedChem 2012, 7, 920-934. DOI:
10.1002/cmdc.201100573.

Manera, C.; Saccomanni, G.; Malfitano, A. M.; Bertini, S.; Castelli, F.; Laezza, C.; Ligresti,
A.; Lucchesi, V.; Tuccinardi, T.; Rizzolio, F.; Bifulco, M.; Di Marzo, V.; Giordano, A.;
Macchia, M.; Martinelli, A. Rational Design, Synthesis and Anti-Proliferative Properties of
New CB2 Selective Cannabinoid Receptor Ligands: An Investigation of the 1,8-
Naphthyridin-2(1H)-One Scaffold. Eur. J. Med. Chem. 2012, 52, 284-294. DOI:
10.1016/j.ejmech.2012.03.031.

Manera, C.; Malfitano, A. M.; Parkkari, T.; Lucchesi, V.; Carpi, S.; Fogli, S.; Bertini, S.;
Laezza, C.; Ligresti, A.; Saccomanni, G.; Savinainen, J.R.; Ciaglia, E.; Pisanti, S.; Gazzerro,
P.; Di Marzo, V.; Nieri, P.; Macchia, M.;Bifulco, M. New Quinolone- and 1,8-
Naphthyridine-3-Carboxamides as Selective CB2 Receptor Agonists with Anticancer and
Immuno-Modulatory Activity. Eur. J. Med. Chem. 2015, 97, 10-18. DOI:
10.1016/j.ejmech.2015.04.034.

Lucchesi, V.; Hurst, D. P.; Shore, D. M.; Bertini, S.; Ehrmann, B. M.; Allara, M.; Lawrence,
L.; Ligresti, A.; Minutolo, F.; Saccomanni, G.; Sharir, H.; Macchia, M.; Di Marzo, V.;
Abood, M.; Reggio, P.H.; Manera, C. CB2-Selective Cannabinoid Receptor Ligands:
Synthesis, Pharmacological Evaluation, and Molecular Modeling Investigation of 1,8-
Naphthyridin-2(1H)-One-3-Carboxamides. J. Med. Chem. 2014, 57, 8777-8791. DOI:
10.1021/jm500807e.

Han, S.; Zhang, F.-F.; Qian, H.-Y.; Chen, L.-L.; Pu, J.-B.; Xie, X.; Chen, J.-Z. Development
of Quinoline-2,4(1H,3H)-Diones as Potent and Selective Ligands of the Cannabinoid Type 2
Receptor. J. Med. Chem. 2015, 58, 5751-5769. DOI: 10.1021/acs.jmedchem.5b00227.

Han, S.; Zhang, F.-F.; Qian, H.-Y.; Chen, L.-L.; Pu, J.-B.; Xie, X.; Chen, J.-Z. Design,


https://pubmed.ncbi.nlm.nih.gov/?term=Rizzolio+F&cauthor_id=22483967
https://pubmed.ncbi.nlm.nih.gov/?term=Bifulco+M&cauthor_id=22483967
https://pubmed.ncbi.nlm.nih.gov/?term=Di+Marzo+V&cauthor_id=22483967
https://pubmed.ncbi.nlm.nih.gov/?term=Giordano+A&cauthor_id=22483967
https://pubmed.ncbi.nlm.nih.gov/?term=Macchia+M&cauthor_id=22483967

(1)

(72)

(73)

(74)

(75)

Syntheses, Structure-Activity Relationships and Docking Studies of Coumarin Derivatives
as Novel Selective Ligands for the CB2 Receptor. Eur. J. Med. Chem. 2015, 93, 16-32. DOI:
10.1016/j.ejmech.2015.01.054.

Banister, S. D.; Stuart, J.; Kevin, R. C.; Edington, A.; Longworth, M.; Wilkinson, S. M.;
Beinat, C.; Buchanan, A. S.; Hibbs, D. E.; Glass, M.; Connor, M.; McGregor, 1.S.; Kassiou,
M. Effects of Bioisosteric Fluorine in Synthetic Cannabinoid Designer Drugs JWH-018,
AM-2201, UR-144, XLR-11, PB-22, 5F-PB-22, APICA, and STS-135. ACS Chem. Neurosci.
2015, 6, 1445-1458. DOI: 10.1021/acschemneuro.5b00107.

Banister, S. D.; Stuart, J.; Conroy, T.; Longworth, M.; Manohar, M.; Beinat, C.; Wilkinson,
S. M.; Kevin, R. C.; Hibbs, D. E.; Glass, M.; Connor, M.; McGregor, 1.S.;Kassiou, M.
Structure—Activity Relationships of Synthetic Cannabinoid Designer Drug RCS-4 and Its
Regioisomers and C4 Homologues. Forensic Toxicol. 2015, 33, 355-366. DOI:
10.1007/s11419-015-0282-9.

Mohammadi VVosough, E.; Baradaran Rahimi, V.; Masoud, S. A.; Mirkarimi, H. R.; Demneh,
M. K.; Abed, A.; Banafshe, H. R.; Askari, V. R. Evaluation of Protective Effects of Non-
Selective Cannabinoid Receptor Agonist WIN 55,212-2 against the Nitroglycerine-Induced
Acute and Chronic Animal Models of Migraine: A Mechanistic Study. Life Sci. 2019, 232.
DOI: 10.1016/j.1f5.2019.116670.

Roberto, D.; Klotz, L. H.; Venkateswaran, V. Cannabinoid WIN 55,212-2 Induces Cell Cycle
Arrest and Apoptosis, and Inhibits Proliferation, Migration, Invasion, and Tumor Growth in
Prostate Cancer in a Cannabinoid-Receptor 2 Dependent Manner. Prostate 2019, 79, 151—
159. DOI: 10.1002/pros.23720.

Al Fawaz, S.; Al Deeb, M.; Huffman, J. L.; Al Kholaif, N. A.; Garlich, F.; Chuang, R. A
Case of Status Epilepticus and Transient Stress Cardiomyopathy Associated with Smoking
the Synthetic Psychoactive Cannabinoid, UR-144. Am. J. Case Rep. 2019, 20, 1902-1906.

DOI: 10.12659/AJCR.918918.



(76) Chakravarti, B.; Ravi, J.; Ganju, R. K. Cannabinoids as Therapeutic Agents in Cancer:
Current Status and Future Implications. Oncotarget 2014, 5, 5852-5872. DOI:
10.18632/oncotarget.2233.

(77) Trotter, B. W.; Nanda, K. K.; Burgey, C. S.; Potteiger, C. M.; Deng, J. Z.; Green, A. |;
Hartnett, J. C.; Kett, N. R.; Wu, Z.; Henze, D. D.; Della Penna, K.; Desai, R.; Leitl, M.D.;
Lemaire, W.; White, R.B.; Yeh, S.; Urban, M.O.; Kane, S.A.; Hartman, G.D.; Bilodeau, M.
T. Imidazopyridine CB2 Agonists: Optimization of CB2/CB1 Selectivity and Implications
for in Vivo Analgesic Efficacy. Bioorg. Med. Chem. Lett. 2011, 21, 2354-2358. DOI:
10.1016/j.bmcl.2011.02.082.

(78) Nanda, K. K.; Henze, D. A,; Della Penna, K.; Desai, R.; Leitl, M.; Lemaire, W.; White, R.
B.; Yeh, S.; Brouillette, J. N.; Hartman, G.D.; Bilodeau, M.T.;Trotter, B. W. Benzimidazole
CB2 Agonists: Design, Synthesis and SAR. Bioorg. Med. Chem. Lett. 2014, 24, 1218-1221.
DOI: 10.1016/j.bmcl.2013.12.068.

(79) Iwata, Y.; Ando, K.; Taniguchi, K.; Koba, N.; Sugiura, A.; Sudo, M. Identification of a
Highly Potent and Selective CB2 Agonist, RQ-00202730, for the Treatment of Irritable
Bowel Syndrome. Bioorg. Med. Chem. Lett. 2015, 25, 236-240. DOI:
10.1016/j.bmcl.2014.11.062.

(80) Omura, H.; Kawai, M.; Shima, A.; Iwata, Y.; Ito, F.; Masuda, T.; Ohta, A.; Makita, N.;
Omoto, K.; Sugimoto, H.; Kikuchi, A.; lwata, H.; Ando, K. The SAR Studies of Novel CB2
Selective Agonists, Benzimidazolone Derivatives. Bioorg. Med. Chem. Lett. 2008, 18, 3310-
3314. DOI: 10.1016/j.bmcl.2008.04.032.

(81) Hollinshead, S. P.; Tidwell, M. W.; Palmer, J.; Guidetti, R.; Sanderson, A.; Johnson, M. P.;
Chambers, M. G.; Oskins, J.; Stratford, R.; Astles, P. C. Selective Cannabinoid Receptor
Type 2 (CB2) Agonists: Optimization of a Series of Purines Leading to the Identification of
a Clinical Candidate for the Treatment of Osteoarthritic Pain. J. Med. Chem. 2013, 56, 5722—

5733. DOI: 10.1021/jm400305d.



(82)

(83)

(84)

(85)

(86)

(87)

Hollinshead, S. P.; Astles, P. C.; Chambers, M. G.; Johnson, M. P.; Palmer, J.; Tidwell, M.
W. Discovery and Optimization of Novel Purines as Potent and Selective CB2 Agonists.
Bioorg. Med. Chem. Lett. 2012, 22, 4962-4966. DOI: 10.1016/j.bmcl.2012.06.035.

Osman, N. A.; Ligresti, A.; Klein, C. D.; Allara, M.; Rabbito, A.; Di Marzo, V.; Abouzid, K.
A.; Abadi, A. H. Discovery of Novel Tetrahydrobenzo[b]Thiophene and Pyrrole Based
Scaffolds as Potent and Selective CB2 Receptor Ligands: The Structural Elements
Controlling Binding Affinity, Selectivity and Functionality. Eur. J. Med. Chem. 2016, 122,
619-634. DOI: 10.1016/j.ejmech.2016.07.012.

Romero-Parra, J.; Mella-Raipan, J.; Palmieri, V.; Allara, M.; Torres, M. J.; Pessoa-Mahana,
H.; lturriaga-Vasquez, P.; Escobar, R.; Falndez, M.; Di Marzo, V.; Pessoa-Mahana, C. D.
Synthesis, Binding Assays, Cytotoxic Activity and Docking Studies of Benzimidazole and
Benzothiophene Derivatives with Selective Affinity for the CB2 Cannabinoid Receptor. Eur.
J. Med. Chem. 2016, 124, 17-35. DOI: 10.1016/j.ejmech.2016.08.005.

Yrjola, S.; Kalliokoski, T.; Laitinen, T.; Poso, A.; Parkkari, T.; Nevalainen, T. Discovery of
Novel Cannabinoid Receptor Ligands by a Virtual Screening Approach: Further
Development of 2,4,6-Trisubstituted 1,3,5-Triazines as CB2 Agonists. Eur. J. Pharm. Sci.
Off. J. Eur. Fed. Pharm. Sci. 2013, 48, 9-20. DOI: 10.1016/j.ejps.2012.10.020.

Yrjol4, S.; Sarparanta, M.; Airaksinen, A. J.; Hytti, M.; Kauppinen, A.; Pasonen-Seppéanen,
S.; Adinolfi, B.; Nieri, P.; Manera, C.; Keinédnen, O.; Poso, A.; Nevalainen T.J.; Parkkari, T.
Synthesis, in Vitro and in Vivo Evaluation of 1,3,5-Triazines as Cannabinoid CB2 Receptor
Agonists. Eur. J. Pharm. Sci. Off. J. Eur. Fed. Pharm. Sci. 2015, 67, 85-96. DOI:
10.1016/j.ejps.2014.11.003.

Odan, M.; Ishizuka, N.; Hiramatsu, Y.; Inagaki, M.; Hashizume, H.; Fujii, Y.; Mitsumori, S.;
Morioka, Y.; Soga, M.; Deguchi, M.; Yasui, K.; Arimura, A. Discovery of S-777469: An
Orally Available CB2 Agonist as an Antipruritic Agent. Bioorg. Med. Chem. Lett. 2012, 22,

2803-2806. DOI: 10.1016/j.bmcl.2012.02.072.


https://pubmed.ncbi.nlm.nih.gov/?term=Kein%C3%A4nen+O&cauthor_id=25447744

(88)

(89)

(90)

1)

(92)

(93)

Lucchesi, V.; Parkkari, T.; Savinainen, J. R.; Malfitano, A. M.; Allara, M.; Bertini, S.;
Castelli, F.; Del Carlo, S.; Laezza, C.; Ligresti, A.; Saccomanni, G.; Bifulco, M.; Di Marzo,
V.; Macchia, M.; Manera, C. 1,2-Dihydro-2-Oxopyridine-3-Carboxamides: The C-5
Substituent Is Responsible for Functionality Switch at CB2 Cannabinoid Receptor. Eur. J.
Med. Chem. 2014, 74, 524-532. DOI: 10.1016/j.ejmech.2013.10.070.

El Bakali, J.; Muccioli, G. G.; Renault, N.; Pradal, D.; Body-Malapel, M.; Djouina, M.;
Hamtiaux, L.; Andrzejak, V.; Desreumaux, P.; Chavatte, P.; Lambert, D.M.; Millet, R. 4-
Oxo-1,4-Dihydropyridines as Selective CB2 Cannabinoid Receptor Ligands: Structural
Insights into the Design of a Novel Inverse Agonist Series. J. Med. Chem. 2010, 53, 7918—
7931. DOI: 10.1021/jm100286k.

Bertini, S.; Parkkari, T.; Savinainen, J. R.; Arena, C.; Saccomanni, G.; Saguto, S.; Ligresti,
A.; Allara, M.; Bruno, A.; Marinelli, L.; Di Marzo, V.; Novellino, E.; Manera, C.; Macchia,
M. Synthesis, Biological Activity and Molecular Modeling of New Biphenylic
Carboxamides as Potent and Selective CB2 Receptor Ligands. Eur. J. Med. Chem. 2015, 90,
526-536. DOI: 10.1016/j.ejmech.2014.11.066.

Bertini, S.; Chicca, A.; Arena, C.; Chicca, S.; Saccomanni, G.; Gertsch, J.; Manera, C.;
Macchia, M. Synthesis and Pharmacological Evaluation of New Biphenylic Derivatives as
CB2 Receptor Ligands. Eur. J. Med. Chem. 2016, 116, 252—266. DOI:
10.1016/j.ejmech.2016.03.072.

Hickey, E. R.; Zindell, R.; Cirillo, P. F.; Wu, L.; Ermann, M.; Berry, A. K.; Thomson, D. S;
Albrecht, C.; Gemkow, M. J.; Riether, D. Selective CB2 Receptor Agonists. Part 1: The
Identification of Novel Ligands through Computer-Aided Drug Design (CADD)
Approaches. Bioorg. Med. Chem. Lett. 2015, 25, 575-580. DOI:10.1016/j.bmcl.2014.12.033.
Riether, D.; Zindell, R.; Wu, L.; Betageri, R.; Jenkins, J. E.; Khor, S.; Berry, A. K.; Hickey,
E. R.; Ermann, M.; Albrecht, C.; Ceci, A.; Gemkow, M.J.; Nagaraja, N. V.; Romig, H.;

Sauer, A.; Thomson, D. S. Selective CB2 Receptor Agonists. Part 2: Structure-Activity



(94)

(95)

(96)

©7

(98)

Relationship Studies and Optimization of Proline-Based Compounds. Bioorg. Med. Chem.
Lett. 2015, 25, 581-586. DOI: 10.1016/j.bmcl.2014.12.019.

Bartolozzi, A.; Cirillo, P. F.; Berry, A. K.; Hickey, E. R.; Thomson, D. S.; Wu, L.; Zindell,
R.; Albrecht, C.; Ceci, A.; Gemkow, M.; Nagaraja, N.V.; Romig, H.; Sauer, A.; Riether, D.
Selective CB2 Receptor Agonists. Part 3: The Optimization of a Piperidine-Based Series
That Demonstrated Efficacy in an in Vivo Neuropathic Pain Model. Bioorg. Med. Chem.
Lett. 2015, 25, 587-592. DOI: 10.1016/j.bmcl.2014.12.031.

Huffman, J. W.; Liddle, J.; Yu, S.; Aung, M. M.; Abood, M. E.; Wiley, J. L.; Martin, B. R. 3-
(1°,1’-Dimethylbutyl)-1-Deoxy-Delta8-THC and Related Compounds: Synthesis of
Selective Ligands for the CB2 Receptor. Bioorg. Med. Chem. 1999, 7, 2905-2914. DOI:
10.1016/s0968-0896(99)00219-9

Hanus, L.; Breuer, A.; Tchilibon, S.; Shiloah, S.; Goldenberg, D.; Horowitz, M.; Pertwee, R.
G.; Ross, R. A.; Mechoulam, R.; Fride, E. HU-308: A Specific Agonist for CB(2), a
Peripheral Cannabinoid Receptor. Proc. Natl. Acad. Sci. U. S. A. 1999, 96, 14228-14233.
DOI: 10.1073/pnas.96.25.14228

Manera, C.; Benetti, V.; Castelli, M. P.; Cavallini, T.; Lazzarotti, S.; Pibiri, F.; Saccomanni,
G.; Tuccinardi, T.; Vannacci, A.; Martinelli, A.; Ferrarini, P. L. Design, Synthesis, and
Biological Evaluation of New 1,8-Naphthyridin-4(1H)-on-3-Carboxamide and Quinolin-
4(1H)-on-3-Carboxamide Derivatives as CB2 Selective Agonists. J. Med. Chem. 2006, 49,
5947-5957. DOI: 10.1021/jm0603466

Ibrahim, M. M.; Deng, H.; Zvonok, A.; Cockayne, D. A.; Kwan, J.; Mata, H. P.; Vanderah,
T.W.; Lai, J.; Porreca, F.; Makriyannis, A.; Malan, T. P. J. Activation of CB2 Cannabinoid
Receptors by AM1241 Inhibits Experimental Neuropathic Pain: Pain Inhibition by
Receptors Not Present in the CNS. Proc. Natl. Acad. Sci. U. S. A. 2003, 100, 10529-10533.

DOI: 10.1073/pnas.1834309100

(99) Gallant, M., Dufresne, C., Gareau, Y., Guay, D., Leblanc, Y., Prasit, P.P., Rochette, C.,



Sawyer, N., Slipetz, D., Tremblay, N., Metters, K.M., & Labelle, M. (1996). New class of
potent ligands for the human peripheral cannabinoid receptor. New Class of Potent Ligands
for the Human Peripheral Cannabinoid Receptor. Bioorganic Med. Chem. Lett. 1996, 6,
2263-2268. DOI: 10.1016/0960-894X(96)00426-X

(100) Showalter, V. M.; Compton, D. R.; Martin, B. R.; Abood, M. E. Evaluation of Binding in a
Transfected Cell Line Expressing a Peripheral Cannabinoid Receptor (CB2): Identification
of Cannabinoid Receptor Subtype Selective Ligands. J. Pharmacol. Exp. Ther. 1996, 278,
989-999.

(101) Frost, J. M.; Dart, M. J.; Tietje, K. R.; Garrison, T. R.; Grayson, G. K.; Daza, A. V; El-
Kouhen, O. F.; Yao, B. B.; Hsieh, G. C.; Pai, M.; Zhu, C.Z.; Chandran, P.; Meyer, M. D.
Indol-3-Ylcycloalkyl Ketones: Effects of N1 Substituted Indole Side Chain Variations on
CB(2) Cannabinoid Receptor Activity. J. Med. Chem. 2010, 53, 295-315. DOI:
10.1021/jm901214q.

(102) Felder, C. C.; Joyce, K. E.; Briley, E. M.; Mansouri, J.; Mackie, K.; Blond, O.; Lai, Y.; Ma,
A. L.; Mitchell, R. L. Comparison of the Pharmacology and Signal Transduction of the
Human Cannabinoid CB1 and CB2 Receptors. Mol. Pharmacol. 1995, 48, 443-450.

(103) Stern, E.; Muccioli, G. G.; Millet, R.; Goossens, J.-F.; Farce, A.; Chavatte, P.; Poupaert, J.
H.; Lambert, D. M.; Depreux, P.; Hénichart, J.-P. Novel 4-Oxo-1,4-Dihydroquinoline-3-
Carboxamide Derivatives as New CB2 Cannabinoid Receptors Agonists: Synthesis,
Pharmacological Properties and Molecular Modeling. J. Med. Chem. 2006, 49, 70-79. DOI:
10.1021/jm0504674.

(104) Pasquini, S.; De Rosa, M.; Ligresti, A.; Mugnaini, C.; Brizzi, A.; Caradonna, N. P.; Cascio,
M. G.; Bolognini, D.; Pertwee, R. G.; Di Marzo, V.; Corelli, F. Investigations on the 4-
Quinolone-3-Carboxylic Acid Motif. 6. Synthesis and Pharmacological Evaluation of 7-
Substituted Quinolone-3-Carboxamide Derivatives as High Affinity Ligands for Cannabinoid

Receptors. Eur. J. Med. Chem. 2012, 58, 30—43. DOI: 10.1016/j.ejmech.2012.09.035.



(105)

(106)

El Bakali, J.; Muccioli, G. G.; Body-Malapel, M.; Djouina, M.; Klupsch, F.; Ghinet, A,;
Barczyk, A.; Renault, N.; Chavatte, P.; Desreumaux, P.; Lambert, D.M.; Millet, R.
Conformational Restriction Leading to a Selective CB2 Cannabinoid Receptor Agonist
Orally Active Against Colitis. ACS Med. Chem. Lett. 2015, 6, 198-203. DOI:
10.1021/mI500439x.

Stern, E.; Muccioli, G. G.; Bosier, B.; Hamtiaux, L.; Millet, R.; Poupaert, J. H.; Hénichart, J.-
P.; Depreux, P.; Goossens, J.-F.; Lambert, D. M. Pharmacomodulations around the 4-Oxo-
1,4-Dihydroquinoline-3-Carboxamides, a Class of Potent CB2-Selective Cannabinoid
Receptor Ligands: Consequences in Receptor Affinity and Functionality. J. Med. Chem.

2007, 50, 5471-5484. DOI: 10.1021/jm070387h.

(107) Dolles, D.; Decker, M. Design of Hybrid Molecules for Drug Development; 2017. Decker,

(108)

(109)

(110)

(111)

(112)

M. Eds.; Elsevier, 2017; pp 137-165.

Ivasiv, V.; Albertini, C.; Gongalves, A. E.; Rossi, M.; Bolognesi, M. L. Molecular
Hybridization as a Tool for Designing Multitarget Drug Candidates for Complex Diseases.
Curr. Top. Med. Chem. 2019, 19, 1694-1711. DOI: 10.2174/1568026619666190619115735.
Ramsay, R. R.; Popovic-Nikolic, M. R.; Nikolic, K.; Uliassi, E.; Bolognesi, M. L. A
Perspective on Multi-Target Drug Discovery and Design for Complex Diseases. Clin. Transl.
Med. 2018, 7. DOI: 10.1186/s40169-017-0181-2.

Bolognesi, M. L. Harnessing Polypharmacology with Medicinal Chemistry. ACS medicinal
chemistry letters. 2019, 10, 273-275. DOI: 10.1021/acsmedchemlett.9b00039.

Li, B.; Stribley, J. A.; Ticu, A.; Xie, W.; Schopfer, L. M.; Hammond, P.; Brimijoin, S.;
Hinrichs, S. H.; Lockridge, O. Abundant Tissue Butyrylcholinesterase and Its Possible
Function in the Acetylcholinesterase Knockout Mouse. J. Neurochem. 2000, 75, 1320-1331.
DOI: 10.1046/j.1471-4159.2000.751320.x.

Hampel, H.; Mesulam, M.-M.; Cuello, A. C.; Farlow, M. R.; Giacobini, E.; Grossberg, G. T_;

Khachaturian, A. S.; Vergallo, A.; Cavedo, E.; Snyder, P.; Khachaturian, Z. S. The



(113)

(114)

(115)

(116)

(117)

(118)

(119)

Cholinergic System in the Pathophysiology and Treatment of Alzheimer’s Disease. Brain
2018, 141, 1917-1933. DOI: 10.1093/brain/awy132.

Anand, P.; Singh, B. A Review on Cholinesterase Inhibitors for Alzheimer’s Disease. Arch.
Pharm. Res. 2013, 36, 375-399. DOI: 10.1007/s12272-013-0036-3.

Kamal, M. A.; Qu, X.; Yu, Q.-S.; Tweedie, D.; Holloway, H. W.; Li, Y.; Tan, Y.; Greig, N.
H. Tetrahydrofurobenzofuran Cymserine, a Potent Butyrylcholinesterase Inhibitor and
Experimental Alzheimer Drug Candidate, Enzyme Kinetic Analysis. J. Neural Transm. 2008,
115, 889-898. DOI: 10.1007/s00702-008-0022-y.

de Andrade, P.; Mantoani, S. P.; Gongalves Nunes, P. S.; Magadan, C. R.; Pérez, C.; Xavier,
D. J.; Hojo, E. T. S.; Campillo, N. E.; Martinez, A.; Carvalho, I. Highly Potent and Selective
Aryl-1,2,3-Triazolyl Benzylpiperidine Inhibitors toward Butyrylcholinesterase in
Alzheimer’s Disease. Bioorg. Med. Chem. 2019, 27, 931-943. DOI:
10.1016/j.bmc.2018.12.030

Knez, D.; Coquelle, N.; Piglar, A.; Zakelj, S.; Juki¢, M.; Sova, M.; Mravljak, J.; Nachon, F.;
Brazzolotto, X.; Kos, J.; Colletier, J.P.; Gobec, S. Multi-Target-Directed Ligands for
Treating Alzheimer’s Disease: Butyrylcholinesterase Inhibitors Displaying Antioxidant and
Neuroprotective Activities. Eur. J. Med. Chem. 2018, 156, 598-617. DOI:
10.1016/j.ejmech.2018.07.033

Benito, C.; Tolon, R. M.; Pazos, M. R.; Nunez, E.; Castillo, A. I.; Romero, J. Cannabinoid
CB2 Receptors in Human Brain Inflammation. Br. J. Pharmacol. 2008, 153, 277-285. DOI:
10.1038/sj.bjp.0707505.

Eubanks, L. M.; Rogers, C. J.; Beuscher, A. E. 4th; Koob, G. F.; Olson, A. J.; Dickerson, T.
J.; Janda, K. D. A Molecular Link between the Active Component of Marijuana and
Alzheimer’s Disease Pathology. Mol. Pharm. 2006, 3, 773-777. DOI: 10.1021/mp060066m.
Montanari, S.; Mahmoud, A. M.; Pruccoli, L.; Rabbito, A.; Naldi, M.; Petralla, S.; Moraleda,

I.; Bartolini, M.; Monti, B.; Iriepa, |.; Belluti, F.; Gobbi, S.; Di Marzo, V.; Bisi, A.; Tarozzi,



(120)

(121)

(122)

(123)

(124)

(125)

(126)

(127)

(128)

A.; Ligresti, A.; Rampa, A. Discovery of Novel Benzofuran-Based Compounds with
Neuroprotective and Immunomodulatory Properties for Alzheimer’s Disease Treatment. Eur.
J. Med. Chem. 2019, 178, 243-258. DOI: 10.1016/j.ejmech.2019.05.080.

Pagé, D.; Balaux, E.; Boisvert, L.; Liu, Z.; Milburn, C.; Tremblay, M.; Wei, Z.; Woo, S.;
Luo, X.; Cheng, Y.X.; Yang, H.; Srivastava, S.; Zhou, F.; Brown, W.; Tomaszewski, M.;
Walpole, C.; Hodzic, L.; St-Onge, S.; Godbout, C.; Salois, D.; Payza, K. Novel
Benzimidazole Derivatives as Selective CB2 Agonists. Bioorg. Med. Chem. Lett. 2008, 18,
3695-3700. DOI: 10.1016/j.bmcl.2008.05.073.

Shogren-Knaak, M.; Ishii, H.; Sun, J.-M.; Pazin, M. J.; Davie, J. R.; Peterson, C. L. Histone
H4-K16 Acetylation Controls Chromatin Structure and Protein Interactions. Science 2006,
311, 844-847. DOI: 10.1126/science.1124000.

Smith, B. C.; Denu, J. M. Chemical Mechanisms of Histone Lysine and Arginine
Modifications. Biochim. Biophys. Acta 2009, 1789, 45-57. DOI:
10.1016/j.bbagrm.2008.06.005.

Glozak, M. A.; Seto, E. Histone Deacetylases and Cancer. Oncogene 2007, 26, 5420-5432.
DOI: 10.1038/sj.0onc.1210610.

Ropero, S.; Esteller, M. The Role of Histone Deacetylases (HDACSs) in Human Cancer. Mol.
Oncol. 2007, 1, 19-25. DOI: 10.1016/j.molonc.2007.01.001.

Lin, H.-Y.; Chen, C.-S.; Lin, S.-P.; Weng, J.-R.; Chen, C.-S. Targeting Histone Deacetylase
in Cancer Therapy. Med. Res. Rev. 2006, 26, 397-413. DOI: 10.1002/med.20056.
Fraguas-Sanchez, A. I.; Martin-Sabroso, C.; Torres-Suarez, A. I. Insights into the Effects of
the Endocannabinoid System in Cancer: A Review. Br. J. Pharmacol. 2018, 175, 2566-2580.
DOI: 10.1111/bph.14331.

Li, Y.; Seto, E. HDACs and HDAC Inhibitors in Cancer Development and Therapy. Cold
Spring Harb. Perspect. Med. 2016, 6. DOI: 10.1101/cshperspect.a026831.

Chevallier, N.; Corcoran, C. M.; Lennon, C.; Hyjek, E.; Chadburn, A.; Bardwell, V. J.; Licht,



(129)

(130)

(131)

(132)

(133)

(134)

(135)

(136)

J. D.; Melnick, A. ETO Protein of t(8;21) AML Is a Corepressor for Bcl-6 B-Cell Lymphoma
Oncoprotein. Blood 2004, 103, 1454-1463. DOI: 10.1182/blood-2003-06-2081.

Huang, B. H.; Laban, M.; Leung, C. H.-W.; Lee, L.; Lee, C. K.; Salto-Tellez, M.; Raju, G.
C.; Hooi, S. C. Inhibition of Histone Deacetylase 2 Increases Apoptosis and P21Cipl/WAF1
Expression, Independent of Histone Deacetylase 1. Cell Death Differ. 2005, 12, 395-404.
DOI: 10.1038/sj.cdd.4401567.

Suraweera, A.; O’Byrne, K. J.; Richard, D. J. Combination Therapy With Histone
Deacetylase Inhibitors (HDACI) for the Treatment of Cancer: Achieving the Full
Therapeutic Potential of HDACI. Front. Oncol. 2018, 8. DOI: 10.3389/fonc.2018.00092.
Eckschlager, T.; Plch, J.; Stiborova, M.; Hrabeta, J. Histone Deacetylase Inhibitors as
Anticancer Drugs. Int. J. Mol. Sci. 2017, 18. DOI: 10.3390/ijms18071414.

Blanchard, F.; Chipoy, C. Histone Deacetylase Inhibitors: New Drugs for the Treatment of
Inflammatory Diseases? Drug Discov. Today 2005, 10, 197-204. DOI: 10.1016/S1359-
6446(04)03309-4.

Dekker, F. J.; van den Bosch, T.; Martin, N. . Small Molecule Inhibitors of Histone
Acetyltransferases and Deacetylases Are Potential Drugs for Inflammatory Diseases. Drug
Discov. Today 2014, 19, 654-660. DOI: 10.1016/j.drudis.2013.11.012.

Falkenberg, K. J.; Johnstone, R. W. Histone Deacetylases and Their Inhibitors in Cancer,
Neurological Diseases and Immune Disorders. Nat. Rev. Drug Discov. 2014, 13, 673-691.
DOI: 10.1038/nrd4360.

Halili, M. A.; Andrews, M. R.; Sweet, M. J.; Fairlie, D. P. Histone Deacetylase Inhibitors in
Inflammatory Disease. Curr. Top. Med. Chem. 2009, 9, 309-319. DOI:
10.2174/156802609788085250.

Shakespear, M. R.; Halili, M. A_; Irvine, K. M.; Fairlie, D. P.; Sweet, M. J. Histone
Deacetylases as Regulators of Inflammation and Immunity. Trends Immunol. 2011, 32, 335—

343. DOI: 10.1016/j.it.2011.04.001.



(137) Shuttleworth, S. J.; Bailey, S. G.; Townsend, P. A. Histone Deacetylase Inhibitors: New
Promise in the Treatment of Immune and Inflammatory Diseases. Curr. Drug Targets 2010,
11, 1430-1438. DOI: 10.2174/1389450111009011430.

(138) Sweet, M. J.; Shakespear, M. R.; Kamal, N. A.; Fairlie, D. P. HDAC Inhibitors: Modulating
Leukocyte Differentiation, Survival, Proliferation and Inflammation. Immunol. Cell Biol.
2012, 90, 14-22. DOI: 10.1038/ich.2011.88.

(139) Zhang, B.; West, E. J.; Van, K. C.; Gurkoff, G. G.; Zhou, J.; Zhang, X.-M.; Kozikowski, A.
P.; Lyeth, B. G. HDAC Inhibitor Increases Histone H3 Acetylation and Reduces Microglia
Inflammatory Response Following Traumatic Brain Injury in Rats. Brain Res. 2008, 1226,
181-191. DOI: 10.1016/j.brainres.2008.05.085.

(140) Stazi, G.; Fioravanti, R.; Mai, A.; Mattevi, A.; Valente, S. Histone Deacetylases as an
Epigenetic Pillar for the Development of Hybrid Inhibitors in Cancer. Curr. Opin. Chem.
Biol. 2019, 50, 89-100. DOI: 10.1016/j.cbpa.2019.03.002.

(141) Hesham, H. M.; Lasheen, D. S.; Abouzid, K. A. M. Chimeric HDAC Inhibitors:
Comprehensive Review on the HDAC-Based Strategies Developed to Combat Cancer. Med.
Res. Rev. 2018, 38, 2058-2109. DOI: 10.1002/med.21505.

(142) Taliani, S.; Da Settimo, F.; Martini, C.; Laneri, S.; Novellino, E.; Greco, G. Exploiting the
Indole Scaffold to Design Compounds Binding to Different Pharmacological Targets.
Molecules 2020, 25. DOI: 10.3390/molecules25102331.

(143) Cincinelli, R.; Musso, L.; Giannini, G.; Zuco, V.; De Cesare, M.; Zunino, F.; Dallavalle, S.
Influence of the Adamantyl Moiety on the Activity of Biphenylacrylohydroxamic Acid-
Based HDAC Inhibitors. Eur. J. Med. Chem. 2014, 79, 251-259. DOI:
10.1016/j.ejmech.2014.04.021.

(144) Gopalan, B.; Ponpandian, T.; Kachhadia, V.; Bharathimohan, K.; Vignesh, R.; Sivasudar, V.;
Narayanan, S.; Mandar, B.; Praveen, R.; Saranya, N.; Rajagopal, S.; Rajagopal, S. Discovery

of Adamantane Based Highly Potent HDAC Inhibitors. Bioorg. Med. Chem. Lett. 2013, 23,



(145)

(146)

(147)

(148)

(149)

(150)

(151)

(152)

2532-2537. DOI: 10.1016/j.bmcl.2013.03.002.

Maurice, T.; Martin-Fardon, R.; Romieu, P.; Matsumoto, R. R. Sigmal (c1) Receptor
Antagonists Represent a New Strategy against Cocaine Addiction and Toxicity. Neurosci.
Biobehav. Rev. 2002, 26, 499-527. DOI: 10.1016/S0149-7634(02)00017-9.

Weng, T.-Y.; Tsai, S.-Y. A.; Su, T.-P. Roles of Sigma-1 Receptors on Mitochondrial
Functions Relevant to Neurodegenerative Diseases. J. Biomed. Sci. 2017, 24. DOI:
10.1186/512929-017-0380-6.

Glennon, R. A.; Ablordeppey, S. Y.; Ismaiel, A. M.; EI-Ashmawy, M. B.; Fischer, J. B.;
Howie, K. B. Structural Features Important for o1 Receptor Binding. J. Med. Chem. 1994,
37,1214-1219. DOI: 10.1021/jm00034a020.

Colabufo, N. A.; Berardi, F.; Abate, C.; Contino, M.; Niso, M.; Perrone, R. Is the c2
Receptor a Histone Binding Protein? J. Med. Chem. 2006, 49, 4153-4158. DOI:
10.1021/jm0600592.

Abate, C.; Niso, M.; Contino, M.; Colabufo, N. A.; Ferorelli, S.; Perrone, R.; Berardi, F. 1-
Cyclohexyl-4-(4-Arylcyclohexyl)Piperazines: Mixed o and Human A(8)-A(7) Sterol
Isomerase Ligands with Antiproliferative and P-Glycoprotein Inhibitory Activity.
ChemMedChem 2011, 6, 73-80. DOI: 10.1002/cmdc.201000371.

Xu, J.; Zeng, C.; Chu, W.; Pan, F.; Rothfuss, J. M.; Zhang, F.; Tu, Z.; Zhou, D.; Zeng, D.; ...
Mach, R. H. Identification of the PGRMC1 Protein Complex as the Putative Sigma-2
Receptor Binding Site. Nat. Commun. 2011, 2, 380-387. DOI: 10.1038/ncomms1386.

Alon, A.; Schmidt, H. R.; Wood, M. D.; Sahn, J. J.; Martin, S. F.; Kruse, A. C. Identification
of the Gene That Codes for the 62> Receptor. Proc. Natl. Acad. Sci. U. S. A. 2017, 114, 7160
7165. DOI: 10.1073/pnas.1705154114.

Gundlach, A. L.; Largent, B. L.; Snyder, S. H. Autoradiographic Localization of Sigma
Receptor Binding Sites in Guinea Pig and Rat Central Nervous System with (+)3H-3-(3-

Hydroxyphenyl)-N-(1-Propyl)Piperidine. J. Neurosci. 1986, 6, 1757-1770. DOI:



(153)

(154)

(155)

(156)

(157)

(158)

10.1523/jneurosci.06-06-01757.1986.

Mavlyutov, T. A.; Epstein, M. L.; Andersen, K. A.; Ziskind-Conhaim, L.; Ruoho, A. E. The
Sigma-1 Receptor Is Enriched in Postsynaptic Sites of C-Terminals in Mouse Motoneurons.
An Anatomical and Behavioral Study. Neuroscience 2010, 167, 247-255. DOI:
10.1016/j.neuroscience.2010.02.022.

Al-Saif, A.; Al-Mohanna, F.; Bohlega, S. A Mutation in Sigma-1 Receptor Causes Juvenile
Amyotrophic Lateral Sclerosis. Ann. Neurol. 2011, 70, 913-919. DOI: 10.1002/ana.22534.
Luty, A. A.; Kwok, J. B. J.; Dobson-Stone, C.; Loy, C. T.; Coupland, K. G.; Karlstrém, H.;
Sobow, T.; Tchorzewska, J.; Maruszak, A.; Barcikowska, M.; Panegyres, P.K.;
Zekanowski, C.; Brooks, W.S.; Williams, K.L.; Blair, I.P.; Mather, K.A.; Sachdev, P.S.;
Halliday, G.; Schofield, P. R. Sigma Nonopioid Intracellular Receptor 1 Mutations Cause
Frontotemporal Lobar Degeneration-Motor Neuron Disease. Ann. Neurol. 2010, 68, 639—
649. DOI: 10.1002/ana.22274.

Mancuso, R.; Olivan, S.; Rando, A.; Casas, C.; Osta, R.; Navarro, X. Sigma-1R Agonist
Improves Motor Function and Motoneuron Survival in ALS Mice. Neurother. J. Am. Soc.
Exp. Neurother. 2012, 9, 814-826. DOI: 10.1007/s13311-012-0140-y.

Moreno, E.; Moreno-Delgado, D.; Navarro, G.; Hoffmann, H. M.; Fuentes, S.; Rosell-Vilar,
S.; Gasperini, P.; Rodriguez-Ruiz, M.; Medrano, M.; Mallol, J.; Cortés, A.; Casadd, V.;
Lluis, C.; Ferré, S.; Ortiz, J.; Canela, E.; McCormick, P. J. Cocaine Disrupts Histamine H3
Receptor Modulation of Dopamine D1 Receptor Signaling: ¢1-D1-H3 Receptor Complexes
as Key Targets for Reducing Cocaine’s Effects. J. Neurosci. 2014, 34, 3545-3558. DOI:
10.1523/JNEUROSCI.4147-13.2014.

Navarro, G.; Moreno, E.; Bonaventura, J.; Brugarolas, M.; Farré, D.; Aguinaga, D.; Mallol,
J.; Cortés, A.; Casado, V.; Lluis, C.; Ferre, S.; Franco, R.; Canela, E.;McCormick, P. J.
Cocaine Inhibits Dopamine D2 Receptor Signaling via Sigma-1-D2 Receptor Heteromers.

PLo0S One 2013, 8. DOI: 10.1371/journal.pone.0061245.


https://pubmed.ncbi.nlm.nih.gov/?term=Barcikowska+M&cauthor_id=21031579
https://pubmed.ncbi.nlm.nih.gov/?term=Panegyres+PK&cauthor_id=21031579
https://pubmed.ncbi.nlm.nih.gov/?term=Zekanowski+C&cauthor_id=21031579
https://pubmed.ncbi.nlm.nih.gov/?term=Zekanowski+C&cauthor_id=21031579
https://pubmed.ncbi.nlm.nih.gov/?term=Brooks+WS&cauthor_id=21031579
https://pubmed.ncbi.nlm.nih.gov/?term=Williams+KL&cauthor_id=21031579
https://pubmed.ncbi.nlm.nih.gov/?term=Blair+IP&cauthor_id=21031579
https://pubmed.ncbi.nlm.nih.gov/?term=Mather+KA&cauthor_id=21031579
https://pubmed.ncbi.nlm.nih.gov/?term=Llu%C3%ADs+C&cauthor_id=23637801
https://pubmed.ncbi.nlm.nih.gov/?term=Ferre+S&cauthor_id=23637801
https://pubmed.ncbi.nlm.nih.gov/?term=Franco+R&cauthor_id=23637801
https://pubmed.ncbi.nlm.nih.gov/?term=Canela+E&cauthor_id=23637801

(159) Gonzalez-Alvear, G. M.; Werling, L. L. Regulation of [*H]Dopamine Release from Rat
Striatal Slices by Sigma Receptor Ligands. J. Pharmacol. Exp. Ther. 1994, 271, 212-219.

(160) Hong, W. C.; Yano, H.; Hiranita, T.; Chin, F. T.; McCurdy, C. R.; Su, T. P.; Amara, S. G.;
Katz, J. L. The Sigma-1 Receptor Modulates Dopamine Transporter Conformation and
Cocaine Binding and May Thereby Potentiate Cocaine Self-Administration in Rats. J. Biol.
Chem. 2017, 292, 11250-11261. DOI: 10.1074/jbc.M116.774075.

(161) Francardo, V.; Geva, M.; Bez, F.; Denis, Q.; Steiner, L.; Hayden, M. R.; Cenci, M. A.
Pridopidine Induces Functional Neurorestoration Via the Sigma-1 Receptor in a Mouse
Model of Parkinson’s Disease. Neurother. J. Am. Soc. Exp. Neurother. 2019, 16, 465-479.
DOI: 10.1007/s13311-018-00699-9.

(162) Hyrskyluoto, A.; Pulli, 1.; Térngvist, K.; Ho, T. H.; Korhonen, L.; Lindholm, D. Sigma-1
Receptor Agonist PRE084 Is Protective against Mutant Huntingtin-Induced Cell
Degeneration: Involvement of Calpastatin and the NF-KB Pathway. Cell Death Dis. 2013, 4.
DOI: 10.1038/cddis.2013.170.

(163) Smith-Dijak, A. I.; Nassrallah, W. B.; Zhang, L. Y. J.; Geva, M.; Hayden, M. R.; Raymond,
L. A. Impairment and Restoration of Homeostatic Plasticity in Cultured Cortical Neurons
From a Mouse Model of Huntington Disease. Front. Cell. Neurosci. 2019, 13. DOI:
10.3389/fncel.2019.00209.

(164) Schreiner, B.; Hedskog, L.; Wiehager, B.; Ankarcrona, M. Amyloid-f Peptides Are
Generated in Mitochondria-Associated Endoplasmic Reticulum Membranes. J. Alzheimers.
Dis. 2015, 43, 369-374. DOI: 10.3233/JAD-132543.

(165) Ryskamp, D.; Wu, L.; Wu, J.; Kim, D.; Rammes, G.; Geva, M.; Hayden, M.; Bezprozvanny,
I. Pridopidine Stabilizes Mushroom Spines in Mouse Models of Alzheimer’s Disease by
Acting on the Sigma-1 Receptor. Neurobiol. Dis. 2019, 124, 489-504. DOI:
10.1016/j.nbd.2018.12.022.

(166) Ryskamp, D.; Wu, J.; Geva, M.; Kusko, R.; Grossman, |.; Hayden, M.; Bezprozvanny, I. The



(167)

(168)

(169)

(170)

(171)

172)

Sigma-1 Receptor Mediates the Beneficial Effects of Pridopidine in a Mouse Model of
Huntington Disease. Neurobiol. Dis. 2017, 97, 46-59. DOI: 10.1016/j.nbd.2016.10.006.
Ryskamp, D. A.; Korban, S.; Zhemkov, V.; Kraskovskaya, N.; Bezprozvanny, I. Neuronal
Sigma-1 Receptors: Signaling Functions and Protective Roles in Neurodegenerative
Diseases. Front. Neurosci. 2019, 13. DOI: 10.3389/fnins.2019.00862.

I1zzo, N. J.; Staniszewski, A.; To, L.; Fa, M.; Teich, A. F.; Saeed, F.; Wostein, H.; Walko, T.
3rd; Vaswani, A.; Wardius, M.; Syed, Z.; Ravenscroft, J.; Mozzoni, K.; Silky, C.; Rehak, C.;
Yurko, R.; Finn, P.; Look, G.; Rishton, G.; Safferstein, H.; Miller, M.; Johanson, C.; Stopa,
E.; Windisch, M.; Hutter-Paier, B.; Shamloo, M.; Arancio, O.; 2, LeVine, H. 3rd Catalano,
S. M. Alzheimer’s Therapeutics Targeting Amyloid Beta 1-42 Oligomers |: Abeta 42
Oligomer Binding to Specific Neuronal Receptors Is Displaced by Drug Candidates That
Improve Cognitive Deficits. PLoS One 2014, 9. DOI: 10.1371/journal.pone.0111898.

I1zzo, N. J.; Xu, J.; Zeng, C.; Kirk, M. J.; Mozzoni, K.; Silky, C.; Rehak, C.; Yurko, R.; Look,
G.; Rishton, G.; Safferstein, H.; Cruchaga, C.; Goate, A.; Cahill, M.A.; Arancio, O.; Mach,
R.H.; Craven, R.; Head, E.; LeVine, H. 3rd; Spires-Jones, T.; Catalano, S. M. Alzheimer’s
Therapeutics Targeting Amyloid Beta 1-42 Oligomers 1l: Sigma-2/PGRMC1 Receptors
Mediate Abeta 42 Oligomer Binding and Synaptotoxicity. PLoS One 2014, 9. DOI:
10.1371/journal.pone.0111899.

Peruzzo, R.; Biasutto, L.; Szaho, |.; Leanza, L. Impact of Intracellular lon Channels on
Cancer Development and Progression. Eur. Biophys. J. 2016, 45, 685-707. DOI:
10.1007/s00249-016-1143-0.

Crottes, D.; Guizouarn, H.; Martin, P.; Borgese, F.; Soriani, O. The Sigma-1 Receptor: A
Regulator of Cancer Cell Electrical Plasticity? Front. Physiol. 2013, 4. DOI:
10.3389/fphys.2013.00175.

Spruce, B. A.; Campbell, L. A.; McTavish, N.; Cooper, M. A.; Appleyard, M. V. L.; O’Neill,

M.; Howie, J.; Samson, J.; Watt, S.; Murray, K.; McLean, D.; Leslie, N.K.; Safrany, S.T.;



(173)

(174)

(175)

(176)

177)

(178)

(179)

Ferguson, M.J.; Peters, J.A.; Prescott, A.R.; Box, G.; Hayes, A.; Nutley, B.; Raynaud, F.;
Downes, C.P.; Lambert, J.J.; Thompson, A.M.; Eccles, S. Small Molecule Antagonists of the
Sigma-1 Receptor Cause Selective Release of the Death Program in Tumor and Self-Reliant
Cells and Inhibit Tumor Growth in Vitro and in Vivo. Cancer Res. 2004, 64, 4875-4886.
DOI: 10.1158/0008-5472.CAN-03-3180.

Gasparre, G.; Abate, C.; Berardi, F.; Cassano, G. The Sigma-1 Receptor Antagonist PB212
Reduces the Ca 2+-Release through the Inositol (1, 4, 5)-Trisphosphate Receptor in SK-N-
SH Cells. Eur. J. Pharmacol. 2012, 684, 59-63. DOI: 10.1016/j.ejphar.2012.03.021.
Colgan, S. M.; Al-Hashimi, A. A.; Austin, R. C. Endoplasmic Reticulum Stress and Lipid
Dysregulation. Expert Rev. Mol. Med. 2011, 13, 1-14. DOI: 10.1017/S1462399410001742.
Mach, R. H.; Zeng, C.; Hawkins, W. G. The 2 Receptor: A Novel Protein for the Imaging
and Treatment of Cancer. J. Med. Chem. 2013, 56, 7137-7160. DOI: 10.1021/jm301545c.
Cantonero, C.; Camello, P. J.; Abate, C.; Berardi, F.; Salido, G. M.; Rosado, J. A.; Redondo,
P. C. NO1, a New Sigma 2 Receptor/TMEM97 Fluorescent Ligand, Downregulates SOCE
and Promotes Apoptosis in the Triple Negative Breast Cancer Cell Lines. Cancers (Basel).
2020, 12, 1-28. DOI: 10.3390/cancers12020257.

Hafner Cesen, M.; Repnik, U.; Turk, V.; Turk, B. Siramesine Triggers Cell Death through
Destabilisation of Mitochondria, but Not Lysosomes. Cell Death Dis. 2013, 4, 1-13. DOI:
10.1038/cddis.2013.361.

Pati, M. L.; Hornick, J. R.; Niso, M.; Berardi, F.; Spitzer, D.; Abate, C.; Hawkins, W. Sigma-
2 Receptor Agonist Derivatives of 1-Cyclohexyl-4-[3-(5-Methoxy-1,2,3,4-
Tetrahydronaphthalen-1-Y1)Propyl]Piperazine (PB28) Induce Cell Death via Mitochondrial
Superoxide Production and Caspase Activation in Pancreatic Cancer. BMC Cancer 2017, 17.
DOI: 10.1186/512885-016-3040-4.

Estrada-Valencia, M.; Herrera-Arozamena, C.; Pérez, C.; Vifia, D.; Morales-Garcia, J. A.;

Pérez-Castillo, A.; Ramos, E.; Romero, A.; Laurini, E.; Pricl, S.; Rodriguez-Franco, M. I.



New Flavonoid-N,N-Dibenzyl(N-Methyl)Amine Hybrids: Multi-Target-Directed Agents for
Alzheimer’s Disease Endowed with Neurogenic Properties. J. Enzyme Inhib. Med. Chem.
2019, 34, 712-727. DOI: 10.1080/14756366.2019.1581184.

(180) Mugnaini, C.; Brizzi, A.; Ligresti, A.; Allara, M.; Lamponi, S.; Vacondio, F.; Silva, C.; Mor,
M.; Di Marzo, V.; Corelli, F. Investigations on the 4-Quinolone-3-Carboxylic Acid Motif. 7.
Synthesis and Pharmacological Evaluation of 4-Quinolone-3-Carboxamides and 4-Hydroxy-
2-Quinolone-3-Carboxamides as High Affinity Cannabinoid Receptor 2 (CB2R) Ligands
with Improved Aqueous Solubility. J. Med. Chem. 2016, 59, 1052-1067. DOI:
10.1021/acs.jmedchem.5b01559.

(181) Weber, F.; Wiinsch, B. Medicinal Chemistry of o(1) Receptor Ligands: Pharmacophore
Models, Synthesis, Structure Affinity Relationships, and Pharmacological Applications.
Handb. Exp. Pharmacol. 2017, 244, 51-79. DOI: 10.1007/164_2017_33.

(182) zZhang, W.; Pei, J.; Lai, L. Computational Multitarget Drug Design. J. Chem. Inf. Model.
2017, 57, 403-412. DOI: 10.1021/acs.jcim.6b00491.

(183) Berman, H.; Henrick, K.; Nakamura, H. Announcing the Worldwide Protein Data Bank.
Nature structural biology. 2003, 10. DOI: 10.1038/nshb1203-980.

(184) Gaulton, A.; Bellis, L. J.; Bento, A. P.; Chambers, J.; Davies, M.; Hersey, A.; Light, Y ;
McGlinchey, S.; Michalovich, D.; ... Overington, J. P. ChEMBL: A Large-Scale Bioactivity
Database for Drug Discovery. Nucleic Acids Res. 2012, 40, D1100- D1107. DOI:
10.1093/nar/gkr777.

(185) Montero, C.; Campillo, N. E.; Goya, P.; Paez, J. A. Homology Models of the Cannabinoid
CB1 and CB2 Receptors. A Docking Analysis Study. Eur. J. Med. Chem. 2005, 40, 75-83.
DOI: 10.1016/j.ejmech.2004.10.002.

(186) Cichero, E.; Ligresti, A.; Allara, M.; di Marzo, V.; Lazzati, Z.; D’Ursi, P.; Marabotti, A.;
Milanesi, L.; Spallarossa, A.; Ranise, P.; Fossa, P. Homology Modeling in Tandem with 3D-

QSAR Analyses: A Computational Approach to Depict the Agonist Binding Site of the



(187)

(188)

(189)

(190)

(191)

(192)

Human CB2 Receptor. Eur. J. Med. Chem. 2011, 46, 4489-4505. DOI:
10.1016/j.ejmech.2011.07.023.

Tuccinardi, T.; Ferrarini, P. L.; Manera, C.; Ortore, G.; Saccomanni, G.; Martinelli, A.
Cannabinoid CB2/CB1 Selectivity. Receptor Modeling and Automated Docking Analysis. J.
Med. Chem. 2006, 49, 984-994. DOI: 10.1021/jm050875u.

Li, X.; Hua, T.; Vemuri, K.; Ho, J.-H.; Wu, Y.; Wu, L.; Popov, P.; Benchama, O.; Zvonok,
N.; Locke, K.; Qu, L.; Han, G.W.; lyer, M.R.; Cinar, R.; Coffey, N.J.; Wang, J.; Wu, M;
Katritch, V.; Zhao, S.; Kunos, G.; Bohn, L.M.; Makriyannis, A.; Stevens, R.C.; Liu, Z.-J.
Crystal Structure of the Human Cannabinoid Receptor CB2. Cell 2019, 176, 459-467. DOI:
10.1016/j.cell.2018.12.011.

Hua, T.; Li, X.; Wu, L.; lliopoulos-Tsoutsouvas, C.; Wang, Y.; Wu, M.; Shen, L.; Johnston,
C. A; Nikas, S. P.;Song, F.; Song, X.; Yuan, S.; Sun, Q.; Wu, Y.; Jiang, S.; Grim, TW.;
Benchama, O.; Stahl, E.L.; Zvonok, N.; Zhao, S.; Bohn, L.M.; Makriyannis, A.; Liu, Z.-J.
Activation and Signaling Mechanism Revealed by Cannabinoid Receptor-G(i) Complex
Structures. Cell 2020, 180, 655-665. DOI: 10.1016/j.cell.2020.01.008.

Bressi, J. C.; Jennings, A. J.; Skene, R.; Wu, Y.; Melkus, R.; De Jong, R.; O’Connell, S.;
Grimshaw, C. E.; Navre, M.; Gangloff, A. R. Exploration of the HDAC2 Foot Pocket:
Synthesis and SAR of Substituted N-(2-Aminophenyl)Benzamides. Bioorg. Med. Chem.
Lett. 2010, 20, 3142-3145. DOI: 10.1016/j.bmcl.2010.03.091.

Weagner, F. F.; Weiwer, M.; Steinbacher, S.; Schomburg, A.; Reinemer, P.; Gale, J. P.;
Campbell, A. J.; Fisher, S. L.; Zhao, W.-N.; Reis, S.A.; Hennig, K.M.; Thomas, M.; Miller,
P.; Jefson, M.R.; Fass, D.M.; Haggarty, S.J.; Zhang, Y.L.; Holson, E. B. Kinetic and
Structural Insights into the Binding of Histone Deacetylase 1 and 2 (HDAC1, 2) Inhibitors.
Bioorg. Med. Chem. 2016, 24, 4008-4015. DOI: 10.1016/j.bmc.2016.06.040.

Yu, W.; Liu, J.; Yu, Y.; Zhang, V.; Clausen, D.; Kelly, J.; Wolkenberg, S.; Beshore, D.;

Duffy, J. L.; Chung, C.C.; Myers, R.J.; Klein, D.L.; Fells, J.; Holloway, K.; Wu, J.; Wu, G.;



(193)

(194)

(195)

(196)

Howell, B.J.; O Barnard, R.J.; Kozlowski, J. Discovery of Ethyl Ketone-Based HDACs 1, 2,
and 3 Selective Inhibitors for HIV Latency Reactivation. Bioorg. Med. Chem. Lett. 2020, 30.
DOI: 10.1016/j.bmcl.2020.127197.

Fournier, J.-F.; Bhurruth-Alcor, Y.; Musicki, B.; Aubert, J.; Aurelly, M.; Bouix-Peter, C.;
Bouquet, K.; Chantalat, L.; Delorme, M.; Drean, B.; Duvert, G.; Fleury-Bregeot, N.;
Gauthier, B.; Grisendi, K.; Harris, C.S.; Hennequin, L.F.; Isabet, T.; Joly, F.; Lafitte, G.;
Millois, C.; Morgentin, R.; Pascau, J., Piwnica, D.; Rival, Y.; Soulet, C.; Thoreau, E.;
Tomas, L. Squaramides as Novel Class | and 11B Histone Deacetylase Inhibitors for Topical
Treatment of Cutaneous T-Cell Lymphoma. Bioorg. Med. Chem. Lett. 2018, 28, 2985-2992.
DOI: 10.1016/j.bmcl.2018.06.029.

Lauffer, B. E. L.; Mintzer, R.; Fong, R.; Mukund, S.; Tam, C.; Zilberleyb, I.; Flicke, B.;
Ritscher, A.; Fedorowicz, G.; Vallero, R.; Ortwine, D.F.; Gunzner, J.; Modrusan, Z.;
Neumann, L.; Koth, C.M.; Lupardus, P.J.; Kaminker, J.S.; Heise, C.E.; Steiner, P. Histone
Deacetylase (HDAC) Inhibitor Kinetic Rate Constants Correlate with Cellular Histone
Acetylation but Not Transcription and Cell Viability. J. Biol. Chem. 2013, 288, 26926—
26943. DOI: 10.1074/jbc.M113.490706

Bottomley, M. J.; Lo Surdo, P.; Di Giovine, P.; Cirillo, A.; Scarpelli, R.; Ferrigno, F.; Jones,
P.; Neddermann, P.; De Francesco, R.; Steinkihler, C., Gallinari, P., Carfi, A. Structural
and Functional Analysis of the Human HDAC4 Catalytic Domain Reveals a Regulatory
Structural Zinc-Binding Domain. J. Biol. Chem. 2008, 283, 26694-26704. DOI:
10.1074/jbc.M803514200.

Luckhurst, C. A.; Breccia, P.; Stott, A. J.; Aziz, O.; Birch, H. L.; Blrli, R. W.; Hughes, S. J.;
Jarvis, R. E.; Lamers, M.; Leonard, P.M.; Matthews, K.L.; McAllister, G.; Pollack, S.;
Saville-Stones, E.; Wishart, G.; Yates, D.; Dominguez, C. Potent, Selective, and CNS-
Penetrant Tetrasubstituted Cyclopropane Class Ila Histone Deacetylase (HDAC) Inhibitors.

ACS Med. Chem. Lett. 2016, 7, 34-39. DOI: 10.1021/acsmedchemlett.5b00302.



(197)

(198)

(199)

(200)

(201)

Luckhurst, C. A.; Aziz, O.; Beaumont, V.; Birli, R. W.; Breccia, P.; Maillard, M. C,;
Haughan, A. F.; Lamers, M.; Leonard, P.; Matthews, K.L.; Raphy, G.; Stott, A.J.; Munoz-
Sanjuan, I.; Thomas, B.; Wall, M.; Wishart, G.; Yates, D.; Dominguez, C. Development and
Characterization of a CNS-Penetrant Benzhydryl Hydroxamic Acid Class lla Histone
Deacetylase Inhibitor. Bioorg. Med. Chem. Lett. 2019, 29, 83-88. DOI:
10.1016/j.bmcl.2018.11.009.

Lobera, M.; Madauss, K. P.; Pohlhaus, D. T.; Wright, Q. G.; Trocha, M.; Schmidt, D. R.;
Baloglu, E.; Trump, R. P.; Head, M. S.; Hoffman, G.A.; , Murray-Thompson, M.;

Schwartz, B.; Chakravorty, S.; Wu, Z.; Mander, P.K.; Kruidenier, L.; Reid, R.A.; Burkhart,
W.; Turunen, B.J.; Rong, J.X.; Wagner, C.; Moyer, M.B.; Wells, C.; Hong, X.; Moore,
J.T.; Williams, J.D.; Soler, D.; Ghosh, S.; Nolan, M. A. Selective Class Ila Histone
Deacetylase Inhibition via a Nonchelating Zinc-Binding Group. Nat. Chem. Biol. 2013, 9,
319-325. DOI: 10.1038/nchembio.1223.

Schuetz, A.; Min, J.; Allali-Hassani, A.; Schapira, M.; Shuen, M.; Loppnau, P.; Mazitschek,
R.; Kwiatkowski, N. P.; Lewis, T. A.; ... Arrowsmith, C. H. Human HDAC?7 Harbors a Class
Ila Histone Deacetylase-Specific Zinc Binding Motif and Cryptic Deacetylase Activity. J.
Biol. Chem. 2008, 283, 11355-11363. DOI: 10.1074/jbc.M707362200.

Somoza, J. R.; Skene, R. J.; Katz, B. A.; Mol, C.; Ho, J. D.; Jennings, A. J.; Luong, C.;
Arvai, A.; Buggy, J. J.;Chi, E.; Tang, J.; Sang, B.C.; Verner, E.; Wynands, R.; Leahy, E.M.;
Dougan, D.R.; Snell, G.; Navre, M.; Knuth, M.W.; Swanson, R.V.; McRee, D.E.; Tari, L.
W. Structural Snapshots of Human HDACS Provide Insights into the Class | Histone
Deacetylases. Structure 2004, 12, 1325-1334. DOI: 10.1016/j.str.2004.04.012.

Decroos, C.; Christianson, N. H.; Gullett, L. E.; Bowman, C. M.; Christianson, K. E.;
Deardorff, M. A.; Christianson, D. W. Biochemical and Structural Characterization of
HDACS8 Mutants Associated with Cornelia de Lange Syndrome Spectrum Disorders.

Biochemistry 2015, 54, 6501-6513. DOI: 10.1021/acs.biochem.5b00881.


https://pubmed.ncbi.nlm.nih.gov/?term=Murray-Thompson+M&cauthor_id=23524983
https://pubmed.ncbi.nlm.nih.gov/?term=Schwartz+B&cauthor_id=23524983
https://pubmed.ncbi.nlm.nih.gov/?term=Chakravorty+S&cauthor_id=23524983
https://pubmed.ncbi.nlm.nih.gov/?term=Wu+Z&cauthor_id=23524983
https://pubmed.ncbi.nlm.nih.gov/?term=Mander+PK&cauthor_id=23524983
https://pubmed.ncbi.nlm.nih.gov/?term=Kruidenier+L&cauthor_id=23524983
https://pubmed.ncbi.nlm.nih.gov/?term=Turunen+BJ&cauthor_id=23524983
https://pubmed.ncbi.nlm.nih.gov/?term=Rong+JX&cauthor_id=23524983
https://pubmed.ncbi.nlm.nih.gov/?term=Wagner+C&cauthor_id=23524983
https://pubmed.ncbi.nlm.nih.gov/?term=Moyer+MB&cauthor_id=23524983
https://pubmed.ncbi.nlm.nih.gov/?term=Moore+JT&cauthor_id=23524983
https://pubmed.ncbi.nlm.nih.gov/?term=Williams+JD&cauthor_id=23524983
https://pubmed.ncbi.nlm.nih.gov/?term=Soler+D&cauthor_id=23524983
https://pubmed.ncbi.nlm.nih.gov/?term=Ghosh+S&cauthor_id=23524983

(202) Vannini, A.; Volpari, C.; Gallinari, P.; Jones, P.; Mattu, M.; Carfi, A.; De Francesco, R.;
Steinkihler, C.; Di Marco, S. Substrate Binding to Histone Deacetylases as Shown by the
Crystal Structure of the HDAC8-Substrate Complex. EMBO Rep. 2007, 8, 879-884. DOI:
10.1038/sj.embor.7401047.

(203) Hsu, K.-C.; Liu, C.-Y.; Lin, T. E.; Hsieh, J.-H.; Sung, T.-Y.; Tseng, H.-J.; Yang, J.-M.;
Huang, W.-J. Novel Class Ila-Selective Histone Deacetylase Inhibitors Discovered Using an
in Silico Virtual Screening Approach. Sci. Rep. 2017, 7. DOI: 10.1038/s41598-017-03417-1.

(204) Huang, Y.-X.; Zhao, J.; Song, Q.-H.; Zheng, L.-H.; Fan, C.; Liu, T.-T.; Bao, Y.-L.; Sun, L.-
G.; Zhang, L.-B.; Li, Y.-X. Virtual Screening and Experimental Validation of Novel Histone
Deacetylase Inhibitors. BMC Pharmacol. Toxicol. 2016, 17. DOI: 10.1186/s40360-016-
0075-8.

(205) Halder, A.; Mallick, S.; Shikha, D.; Saha, A.; Das Saha, K.; Jha, T. Design of Dual MMP-
2/HDAC-8 Inhibitors by Pharmacophore Mapping, Molecular Docking, Synthesis and
Biological Activity. RSC Adv. 2015, 5, 72373-72386. DOI: 10.1039/c5ra12606a.

(206) Wang, Y.; Yang, L.; Hou, J.; Zou, Q.; Gao, Q.; Yao, W.; Yao, Q.; Zhang, J. Hierarchical
Virtual Screening of the Dual MMP-2/HDAC-6 Inhibitors from Natural Products Based on
Pharmacophore Models and Molecular Docking. J. Biomol. Struct. Dyn. 2019, 37, 649-670.
DOI: 10.1080/07391102.2018.1434833.

(207) Schmidt, H. R.; Zheng, S.; Gurpinar, E.; Koehl, A.; Manglik, A.; Kruse, A. C. Crystal
Structure of the Human o1 Receptor. Nature 2016, 532, 527-530. doi: 10.1038/nature17391.

(208) Schmidt, H. R.; Betz, R. M.; Dror, R. O.; Kruse, A. C. Structural Basis for o(1) Receptor
Ligand Recognition. Nat. Struct. Mol. Biol. 2018, 25, 981-987. DOI: 10.1038/s41594-018-
0137-2.

(209) Schmidt, H.; Greenfield, D.; Sliz, P.; Kruse, A. Virtual Screening Identifies Novel High-
Affinity o1 Receptor Ligands; 2019. DOI: 10.1101/699793.

(210) Ehrt, C.; Brinkjost, T.; Koch, O. A Benchmark Driven Guide to Binding Site Comparison:



(211)

(212)

(213)

(214)

(215)

(216)

(217)

An Exhaustive Evaluation Using Tailor-Made Data Sets (ProSPECCTSs). PLoS Comput.
Biol. 2018, 14. DOI: 10.1371/journal.pcbi.1006483.

Duran-Frigola, M.; Siragusa, L.; Ruppin, E.; Barril, X.; Cruciani, G.; Aloy, P. Detecting
Similar Binding Pockets to Enable Systems Polypharmacology. PLoS Comput. Biol. 2017,
13. DOI: 10.1371/journal.pchi.1005522.

Andersson, C. D.; Chen, B. Y.; Linusson, A. Mapping of Ligand-Binding Cavities in
Proteins. Proteins 2010, 78, 1408-1422. DOI: 10.1002/prot.22655.

Mangiatordi, G. F.; Trisciuzzi, D.; Alberga, D.; Denora, N.; lacobazzi, R. M.; Gadaleta, D.;
Catto, M.; Nicolotti, O. Novel Chemotypes Targeting Tubulin at the Colchicine Binding Site
and Unbiasing P-Glycoprotein. Eur. J. Med. Chem. 2017, 139, 792-803. DOI:
10.1016/j.ejmech.2017.07.037.

Alberga, D.; Trisciuzzi, D.; Montaruli, M.; Leonetti, F.; Mangiatordi, G. F.; Nicolotti, O. A
New Approach for Drug Target and Bioactivity Prediction: The Multifingerprint Similarity
Search Algorithm (MuSSeL). J. Chem. Inf. Model. 2019, 59, 586-596. DOI:
10.1021/acs.jcim.8b00698

Prado-Prado, F. J.; Martinez de la VVega, O.; Uriarte, E.; Ubeira, F. M.; Chou, K.-C;
Gonzélez-Diaz, H. Unified QSAR Approach to Antimicrobials. 4. Multi-Target QSAR
Modeling and Comparative Multi-Distance Study of the Giant Components of Antiviral
Drug-Drug Complex Networks. Bioorg. Med. Chem. 2009, 17, 569-575. DOI:
10.1016/j.bmc.2008.11.075.

lyaguchi, D.; Kawano, S.; Takada, K.; Toyota, E. Structural Basis for the Design of Novel
Schiff Base Metal Chelate Inhibitors of Trypsin. Bioorg. Med. Chem. 2010, 18, 2076-2080.
DOI: 10.1016/j.bmc.2010.02.016.

Hayashi, R.; Miura, S.; Saito, Y.; Osada, S.; lyoda, T.; Fukai, F.; Kodama, H. The Cell
Adhesion and Proliferation Activities of a Peptide Derived from Human Tenascin-C Are

Dependent on Two lle Residues. Bioorg. Med. Chem. 2012, 20, 4608-4613. DOI:



(218)

(219)

(220)

(221)

(222)

(223)

(224)

(225)

(226)

(227)

10.1016/j.bmc.2012.06.036.

Abdolmaleki, A.; Ghasemi, J. B.; Ghasemi, F. Computer Aided Drug Design for Multi-
Target Drug Design: SAR /QSAR, Molecular Docking and Pharmacophore Methods. Curr.
Drug Targets 2017, 18, 556-575. DOI: 10.2174/1389450117666160101120822.

Canvas, S. Schrodinger Release 2020-2: , LLC, New York, NY,. 2020.

Wilson, G. L.; Lill, M. A. Integrating Structure-Based and Ligand-Based Approaches for
Computational Drug Design. Future Med. Chem. 2011, 3, 735-750. DOI:
10.4155/fmc.11.18.

Knox, A. J. S.; Price, T.; Pawlak, M.; Golfis, G.; Flood, C. T.; Fayne, D.; Williams, D. C.;
Meegan, M. J.; Lloyd, D. G. Integration of Ligand and Structure-Based Virtual Screening for
the Identification of the First Dual Targeting Agent for Heat Shock Protein 90 (Hsp90) and
Tubulin. J. Med. Chem. 2009, 52, 2177-2180. DOI: 10.1021/jm801569z.

Olivecrona, M.; Blaschke, T.; Engkvist, O.; Chen, H. Molecular De-Novo Design through
Deep Reinforcement Learning. J. Cheminform. 2017, 9, 48. DOI: 10.1186/s13321-017-0235-
X.

Vladimir N. Vapnik. Statistical Learning Theory, 1998th ed.; ISBN: 978-0-471-03003-4,
Ed.; 1998.

Kingma, D.; Welling, M. Auto-Encoding Variational Bayes; 2014.

Gupta, A.; Miiller, A. T.; Huisman, B. J. H.; Fuchs, J. A.; Schneider, P.; Schneider, G.
Generative Recurrent Networks for De Novo Drug Design. Mol. Inform. 2018, 37,. DOI:
10.1002/minf.201700111

Hochreiter, S.; Schmidhuber, J. Long Short-Term Memory. Neural Comput. 1997, 9, 1735—
1780. DOI: 10.1162/neco0.1997.9.8.1735.

Gomez-Bombarelli, R.; Wei, J. N.; Duvenaud, D.; Hernandez-Lobato, J. M.; Sanchez-
Lengeling, B.; Sheberla, D.; Aguilera-Iparraguirre, J.; Hirzel, T. D.; Adams, R. P.; Aspuru-

Guzik, A. Automatic Chemical Design Using a Data-Driven Continuous Representation of



(228)

(229)

(230)

Molecules. ACS Cent. Sci. 2018, 4, 268-276. DOI: 10.1021/acscentsci.7b00572.

Kadurin, A.; Nikolenko, S.; Khrabrov, K.; Aliper, A.; Zhavoronkov, A. DruGAN: An
Advanced Generative Adversarial Autoencoder Model for de Novo Generation of New
Molecules with Desired Molecular Properties in Silico. Mol. Pharm. 2017, 14, 3098-3104.
DOI: 10.1021/acs.molpharmaceut.7b00346.

Winter, R.; Montanari, F.; Steffen, A.; Briem, H.; Noé, F.; Clevert, D.-A. Efficient Multi-
Objective Molecular Optimization in a Continuous Latent Space. Chem. Sci. 2019, 10, 8016—
8024. DOI: 10.1039/c9sc01928f.

Xiaoqin, T.; Jiang, X.; He, Y.; Zhong, F.; Li, X.; Xiong, Z.; Li, Z.; Liu, X.; Cui, C.; ... Jiang,
H. Automated Design and Optimization of Multitarget Schizophrenia Drug Candidates by

Deep Learning. Eur. J. Med. Chem. 2020, 204. DOI: 10.1016/j.ejmech.2020.112572.



Table of Contents graphic

DA
MOLECULAR AL cer®l
HYBRIDIZATION DUCON“’OUNES— o s " HDAC
CANCER AND
l'a%l:::lul-:: C B 2 R NEURODEGENERATION
THERAPY
MACHINE i S
AL CBop jem = = =
LEARNING co;ﬁZR/SIGMA 1 SIGMA



